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Abstract

An optimization procedure to reduce oscillatory hub loads for a four bladed soft-inplane
hingeless helicopter rotor is developed. The objective function to be minimized consists of
scalar norms of 4/rev vibratory hub loads transmitted by a 4-bladed helicopter rotor 1o the
fuselage. The mass and stiffness properties of the rotor blades are considered as the design
variables. Constraints are imposed on the dynamic stresses caused by the blade root loads,
and move limits on the design variables. An aeroelastic analysis based on finite elements in
space and time is used to construct the response surface approximation for the objective
function and constraints. The response surface approximations decouple the analysis problem
from the optimization problem. The numerical sampling is done using the central composite
design of the theory of design of experiments. The approximate optimization problem expressed
in terms of response surfaces is solved using genetic algorithms. Optimization results in
forward flight with unsteady aerodynamic modeling show a reduction in the objective function
of about 15 percent. The dominant loads in vehicle vibration are the vertical hub shear and
the rolling and pitching moments which are reduced by 22-26 percent. This paper proposes a
multidisciplinary design which is suited to industrial application due to the decoupling of the
analysis and optimization problems.
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Introduction

In a helicopter, the main rotor is the crucial subsystem,
which provides lift, propulsive force and control capabil-
ity of the helicopter. Therefore, the design of main rotor is
an important problem that has received considerable atten-
tion. The design of the helicopter rotor involves a variety
of aerospace engineering disciplines. Rotor blades are
slender flexible beams, which can undergo elastic defor-
mations in bending and torsion, that can be beyond the
limits of linear beam theories. The deflections of the blade
interact with the aerodynamic loading. The rotor blade
aerodynamics in turn, is coupled with the structural dy-
namics because much of the elastic deformation and
damping in flap and lag bending and in torsion is of
aerodynamic origin. Therefore, the prediction of helicop-
ter blade and hub loads is an integrated aeroelastic prob-
lem. Helicopter rotor aeroelastic analysis have been
developed by academic institutions and helicopter compa-
nies are widely used for preliminary design of the helicop-
ter rotor blades.

One of the chief issues in the helicopter industry is the
minimization of vibrations on the helicopter airframe,
which are caused by an unsteady aerodynamic environ-
ment and highly flexible rotating blades. The vibratory
bending moments acting along the blade length also
causes dynamic stresses, at several harmonics of the rota-
tional speed, on the rotor blade. These dynamic stresses
cause structural fatigue, leading to areduction in blade life.
The critical dynamic stresses generally occur at the span-
wise location where the vibratory bending moment is
highest. For the hingeless rotors, it occurs at the blade
root. Therefore, a direct approach for increasing the life of
the blade is to design the rotor to produce low vibratory
bending moments. The changes of mass and stiffness
along the blade chord and span direction affect the struc-
tural dynamics and aeroelastic behaviour as well as the
stress distribution.
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In recent years, considerable research has been di-
rected towards the application of aeroelastic optimization
methodology for the vibration reduction problem. Ganguli
and Chopra[1,2] carried out aeroelastic optimization stud-
ies out for rotor blades with swept tips and for composite
rotors. Yaun and Friedmann [3,4] carried out a structural
optimization study for vibration reduction of a composite
rotor blade with a swept tip. Chattopadhyay et.al [5]-[11]
have done extensive work on the optimization of helicop-
ter rotors and prop rotors. Non-gradient methods in engi-
neering optimization have become popular among the
researchers in recent years because of their ability in
finding the global minima and permitting the use of integer
and discrete design variables. The most popular non-gra-
dient methods are genetic algorithm and simulated anneal-
ing [12]. Lee and Hajela [13] applied genetic algorithm for
the rotor design problems. Other recent studies in helicop-
ter rotor optimization includes those by Kim and Sarigul-
Klijn [14] - [17] for articulated rotors, Soykasap and
Hodges [ 18] for composite tilt rotors, and Celi et.al [19] -
[21] addressing maneuver flight. A recent review on heli-
copter optimization is provided by Celi [22].

The helicopter rotor dynamics analysis involves com-
plex computer analyses, which are computationally ex-
pensive to perform. These analyses involve the solution of
nonlinear rotor dynamics equation, obtaining the helicop-
ter trim condition and aeroelastic stability condition. In the
conventional aeroelastic optimization studies, the large
aeroelastic analysis program has to be integrated with the
optimization software, which can make the problem a
cumbersome task. Gradient based approaches to optimi-
zation require that the sensitivity derivatives either be
calculated analytically or by finite difference. Finite dif-
ference derivatives are computationally expensive to cal-
culate and the selection of an appropriate step size can be
difficult. Analytical and semi analytical derivatives have
been used by Spence and Celi [21], Murthy and Lu [23],
Lim and Chopra [24], and Ganguli and Chopra [1,2,29].
These derivatives are obtained using chain rule differen-
tiation and included in the computer program for aeroelas-
tic analysis as an integral part. Analytical derivatives are
more accurate than finite differences and large savings of
computer time are possible. However certain approxima-
tions such as ignoring the changes in trim conditions and
blade normal modes due to changes in design variables are
often made in calculation of analytical derivatives. These
assumptions appear to have been reasonable for the vibra-
tion reduction problems. A key problem of analytical
derivatives is linked to the issue of the software aging.
With the passage of time, changes are made in the aeroe-
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lastic analysis to account for refinements in physical mod-
eling. When such changes are made, the analytical deriva-
tives must also be updated. This is not always possible as
the domain experts performing physical modeling may not
be aware of the optimization aspects of the software.
Furthermore, in the industry setting the rotor aeroelastic
analysis codes are considered as proprietary and it is very
difficult to make changes inside them. Therefore analyti-
cal derivatives are difficult to implement in an industry
setting.

One approach to overcome this difficulty is to use
statistical techniques to construct approximations of the
analyses that are much more efficient to run and easier to
integrate together, and yield insight into the functional
relationship between the objective function and design
variables [25]. This results in the construction of the
approximations of the analyses, instead of integrating the
computer programs. Response Surface (RS) methodology
is one such statistical method used to construct approxi-
mations [26]. Response surfaces for objective and con-
straint functions are created by sampled numerical
experiments over the design space [27]. The response
surface models created then replaces the computationally
expensive analyses and facilitates fast analysis and explo-
ration of the design space. Low order polynomials are
mostly used as the response surface approximating func-
tions. In helicopter aeroelastic optimization very limited
work has been done using response surfaces. Henderson,
Walsh and Young [28] have applied response surface
techniques to helicopter rotor blade optimization. Hajela
et.al [13] also used neural surrogate functions in rotor
blade optimization.

The objective of this study is to perform an aeroelastic
optimization of a helicopter rotor, using response surface
approximations. The helicopter aeroelastic analysis is
based on a finite element method in space and time. To
reduce helicopter vibrations, the objective function in-
cludes all six components of 4P hub loads for a four bladed
hingeless rotors, while maintaining the constraints on
dynamic stresses developed on the rotor blade, which are
caused primarily by the l/rev and 2/rev rotating frame
loads. This paper approaches the problem of vibration
reduction by developing an RS model for the objective
function, instead of doing the rotor dynamic analysis for
each function evaluation required by the optimization
process. Considéring the design space for rotor design
problems are often non-convex and that design variables
for actual rotor cross sections could be continuous, dis-
crete or integer in nature, Genetic Algorithms (GA) are
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used, for the optimization process [30], GA requires many
function evaluations and can be computationally very
expensive if directly applied to the helicopter problem.
However, the RS polynomial approximations used in this
study makes the cost of function evaluation very less.

Helicopter Rotor Dynamic Analysis

In this work, a comprehensive aeroelastic analysis
code, based on finite element method is used to evaluate
the resultant forces of the rotor. The rotorcratt structure is
modeled as a nonlinear representation of elastic rotor
blades coupled to a rigid fuselage. The blade is modeled
as a slender elastic beam undergoing flap bending, lag
bending, elastic twist, and axial deflection. The effect of
moderate deflections ts included by retaining second order
nonlinear terms|31]. Governing equations are derived us-
ing a generalized Hamilton’s principle applicable to non-
conservative systems [31].

jwz (BU~8T — §W) dy = 0 1)

The 83U , 6T and 8W are virtual strain energy, kinetic
energy, and virtual work, respectively. The U and 8T
include energy contribution from components that are
attached to the blade. External aerodynamic forces on the
blade contribute to the virtual work variational, W. The
acrodynamic forces and moments are calculated using
quasi-steady/unsteady aerodynamics. Finite element
method is used to discretize the governing equations of
motion, and allows for accurate representation of complex
hub kinematics and non-uniform blade properties [32].
After the finite element discretization, Hamilton’s princi-
ple is written as

v N
[y (BU,~ 8T, — 8W) dy = 0 )
L'

ii=1

Each of the N beam elements has fifteen degrees of
freedom. These degrees of freedom are distributed over
five element nodes (2 boundary nodes and 3 interior
nodes). There are six degrees of freedom at each element
boundary node. There are two internal nodes for axial
deflection and one internal node for elastic twist. Between
elements there is continuity of displacements and slope for
flap and lag bending deflections, and continuity of dis-
placement for elastic twist and axial deflections. These
elements ensure physically consistent linear variations of
bending moments and torsional moment, and quadratic
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variation of axial force within each element. Using the
interpolating polynomials, the distribution of deflections
over a beam element is expressed in terms of the elemental
nodal displacements. The shape functions used are Her-
mite polynomials for lag and flap bending, and Lagrange
polynomials for axial and torsion deflection [37].

Assembling the blade finite element equations and
applying boundary conditions results in equation (2) be-
coming [32],

Magy)+Cqy)+Kgy) =Fg,q.y) (3

The nodal displacement q are functions of time and all
non-linear terms have been moved into the force vector on
the right hand side. The spatial functionality has been
removed by using finite element discretization and partial
differential equations have been converted into ordinary
differential equations.

The finite element equations representing each rotor
blade are transformed to normal mode space for efficient
solution of blade response using the modal expansion.
Typically, 6-10 modes. are used. The displacements are
expressed in terms of normal modes as

g=%op 4)

Substituting equation (4) into equation (3) lead to
normal mode equations having the form

MBEW)I+CprW)I+Kp (W) =F@p py) (5

These equations are non-linear ODE’s but their dimen-
sions are much reduced compared to the full finite element
equations (3). The normal mode mass, stiffness and damp-
ing matrix and force vectors are given by

. _ _
M=0'M®, C=0'Cd, K=0' KD, F=d'F (6)

The mode shapes or eigen vectors on equation (4) and
(6) are obtained from rotating frequencies of the blade
[32].

2
KSCID:mquD (7

The blade normal mode equation (5) can be written in
the following variational form [24]
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Integrating equation (8) by parts, we obtain [24]

Jzn dp F—E})—Ep T dp| (Mp 2 @)
o |32 \mp V=i5p[) 0 )

Since the helicopter rotor is a periodic system with a
time period of one revolution, we have p(0) = p(2m).
Imposing periodic boundary conditions on equation (9)
results in the right hand side becoming zero and yields the
following system of first order ordinary differential equa-
tions [24] :

yis
jz 5y 0dwy =0 (10)
where
P F-Cp-Kp
y=14.t, 0={_ (1)
14 Mp

The non-linear, periodic, ordinary differential equa-
tions are then solved for blade steady response using the
finite element in time method [36] and a Newton-Raphson
procedure [24]. Discretizing equation (11) over N, time
elements around the rotor disk (where
v, =0, W, = 271 ) and taking first order Taylor series

expansion about the steady state value y,, = [pz pﬂ yields

algebraic equations [24]

N
: \Vi+ T
) fw '8y, 0, (Yt ANdY

=1 i

v
=3 [ 8 [ 0 K 9 ay]dy = 0. (2

0 M

L di

For the ith time element, the modal displacement vec-
tor can be written as

pW) = H®E,, (14

where H(s) are time shape functions [36] which are fifth
order lagrangepolynomials[24]usedforapproximating
the normal mode coordinate p. For a fifth order polyno-
mial, six nodes are needed to describe the variation of p
within the element. Continuity of generalized displace-
ments is assumed between the time elements. Substituting
equations (14) and its derivative into equation (13) yields
the time discretized blade response [24]

@ G . G
Q +K[.A§ =0, (15)
where
Nl
G Vier T
0" =3 [ H gy, (16)
= Y
N Sia_3 J 13
G i \VH_I T aP aP
Kt = Z J.l'l H n d‘l’v
= 0 M
Nl
@
AE = z A&i
i=]

Solving the above equations iteratively yields the
blade steady response.

Steady and vibratory components of the rotating frame
blade loads (i.e., shear forces and bending/torsion mo-
ments) are calculated using the force summation method
[33]. In this approach, blade inertia and aerodynamic
forces are integrated directly over the length of the blade.
Fixed frame hub loads are calculated by summing the
individual contributions of individual blades [34].
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Once the hub loads are obtained the helicopter needs
to be trimmed. This is defined as the condition where the
steady forces and moments acting on the helicopter sum
to zero and simulates the condition for steady level flight
[35]. The trim solution for the helicopter involves finding
the pilot controls angles 6 at which the six steady forces
and moments acting on the helicopter are zeros :

F@®© =0 a7

These nonlinear trim equations are also solved using
the Newton-Raphson method. The helicopter rotor trim
equations and the blade response equations and are solved
simultaneously to obtain the blade steady response and
hub loads. This coupled trim procedure is important for
capturing the aeroelastic interaction between the aerody-
namic forces and the blade deformations. Further details
of the analysis are available from the UMARC reference
[37].

Response Surface Modeling

Response surface modeling techniques have been used
in the past few years to solve complex, computationally
intensive engineering problems [38]. Design of Experi-
ments (DOE) theory provides a systematic means of se-
lecting the set of points in the k dimensional design space,
at which to perform computational analyses. By using the
RS techniques, the analysis codes are separated from the
optimization codes. The complex analysis codes are re-
placed by the simple polynomials. Second order or quad-
ratic polynomials are mostly used. The Hessian of these
second order polynomials may be positive definite or
negative definite or indefinite. A quadratic RS model in &
variables of the form,

k k i
Yi= BO it Z Bix,' i Z 2 Bijxixj (18)

i=1 i=1 j=1

is used in this paper. The second order model described in
the above equation is a widely used model to describe
cxperimental data in which system curvature is readily
abundant. The above model of equation contains 1 + 2k +
k(k-1)/2 parameters. As a result, the experimental design
used must contain at least 14+2k+k(k-1)/2 distinct design
points. In addition, the design must involve at least three
levels of each design variable to estimate the pure quad-
ratic terms. There are families of designs available, for
fitting the second order model. The central composite
designs (CCDs) is one of the popular class of second-order
designs. It involves the use of a two level factorial or
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fraction combined with the 2k axial or star points. As a
result, the design involves, 2¥ factorial points, 2k axial
points, and n,, center runs. The factorial points represent a
variance optimal design for a first order model or a first-
order+two-factor interaction type model. Center runs pro-
vide information about the existence of curvature in the
system. If curvature is found in the system, the addition of
axial points allow for efficient estimation of the pure
quadratic terms. The choice of «, the axial distance, de-
pends to a great extent on the region of operability and
region of interest. The values of axial distance varies from
1.0 to Y k . For the k = 2 case the value of o, the axial
distance is V 2 . Fig.1 shows the CCD for k = 2. In this
case, for k=2, there are 4(2k) factorial points, 4 (2*k) axial
points and one center point resulting in 9 points. Also note
that for k = 2, there are 1+2k+k (k-1)/2 = 6 regression
coefficients need to be determined to find the second order
response surface as showing in equation (27). The CCD
design therefore overfits the points to obtain the response
surface. It is therefore able to reduce the error present in
any one of the points and avoid the lpcal minima that are
not robust and have high sensitivity to change in the design
variables.

Once the objective function values have been evalu-
ated at the CCD points, the response surface model has to
be fitted with these data. The method of least squares is
typically used to estimate the unknown coefficients in the
response surface model [38]. The response surface model
given in the equation (18) can be written in matrix notation
as

y=Xp +¢ (19)

where y is an (n x 1) vector of observations, X is an (n x
p) matrix of the levels of the independent variables, B is a

42 A
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Fig.1 Central composite design for k = 2
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(p x 1) vector of the regression coefficients and € is a (p x
1) vector of error terms. The regression coefficients can
be obtained by minimizing the least squares error obtained
using the equation (19) as follows :

L=F e=¢e=-XB (-XP)

i=1
=y y-2BXy+p Xy (20)
The least squares estimator must satisfy [38]

oL p DN —
=Xy 2K b =0 @1

which simptifies to
-1
X'Xb =Xy b=XX) XYy (22)
The fitted regression model is
A
y=Xb (23)

The difference between observation and fitted value is
the residual and is given as [38]

A

e=y-y @24

While there are formal methods of estimating the error
in the response surfaces, engineering judgment can often
be used to account for the accuracy for the fitted model.
The second order response surface model given in equa-
tion (18) can easily capture the curvature of the actual
response and can identify the region of optimum in the
design space even-though the error € may be more.

In most of the aeroelastic optimization problems, the
objective function cannot be expressed analytically in
terms of the design variables. Therefore, numerical opti-
mization procedures are carried out in the aeroelastic
optimization studies. A large number of aeroelastic simu-
lations may be needed in the numerical optimization proc-
ess for the objective function evaluation. However, the
number of simulations needed for fitting the second order
response surface approximation to the objective function
using CCD are lesser. For example, in a two variable case,
if the design space is considered with *10 percentage
variation for each design variable from their baseline value
and the design space is divided with 5% variation, the
number grid points generated will be 25. Therefore, if
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exhaustive search method is employed in optimization, the
aeroelastic analysis has to be performed at these 25 grid
points for finding the optima within the design space. In
the same design space, the CCD requires only 9 points for
fitting the second order model approximation to the objec-
tive function. Therefore, the aeroelastic simulation has to
be performed only at these 9 points compared to the 25
aeroelastic simulations needed in the exhaustive search
method. The response surface approximation created with
these 9 CCD points is used for objective function evalu-
ation in the optimization process.

Genetic Algorithm

The aeroelastic optimization of helicopters which were
intractable a few years ago have become tractable today
with the rapidly growing power of computers. In recent
years, GA has been used in the helicopter optimization
[39] - [45]. In these algorithms, the design variables are
expressed as strings of 0’s and 1°s; these bit can be the
exponents of 2 in a binary representation. The strings
corresponding to each variable are then joined together to
form a long binary string that defines the entire design.
The GA starts with a certain number of initial design
strings with random combinations of 0’s and 1’s. The
algorithm then proceeds by generating new designs with
bit operations devised to mimic mathematically some
biological evolutionary phenomena, such as mating,
crossover, and mutation. Through these operations the
design evolves towards the optimum. GA can deal with
integer and discrete variables. Also, they have a better
likelihood to identify global minima than conventional
gradient-based algorithms. A comprehensive introduction
to GA is provided by Goldberg [30] and a recent review
on non-gradient methods is given by Hajela [[2].

In this work, the constraints were appended to the
objective function f{x), using a quadratic exterior penalty
function, which is of the form

J K

P(X) = S0+ umax(0, g, (O + Y v, (h, (X))’
j=1 k=1

(25)
where 8j (X), hy, (X) are the equality and inequality con-
straints, respectively expressed in the form, o (X)<0 and
h, (X)=0.The u; and v, represents the penalty parameters.
The exterior penalty method is widely used in practice and
well suited for GA. The GA does not have the problems
of highly nonlinear variations along the constraint
boundaries, which result when the exterior penalty func-
tions are used in the gradient based methods [46].
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Problem Description

The objective function J, used in this study represents
the vibratory hub loads and has been used widely in the
rotorcraft vibration [1] - [4]. The objective function is the
sum of the scaldr norms of the N/rev forces and the N/rev
moment’s transmiitted by an N-bladed helicopter rotor to
the fuselage as the primary source of vibration. In this
work, 4/rev hub force resultant and, 4/rev hub moment
resultant of a four bladed rotor is used as the objective
function J,.. The objective function is of the form

4p 2 ap 2 4p 2
fx) =1 =NEP + w4 w7
+ Nt e ) ¥y (26)

where the forces and moments are non-dimensionalized
with respect to my Q? R? and g Q? R3, respectively. In
the above equation F, F, and F, represents the longitudi-
nal, lateral and vertical dynamic forces acting on the hub
and, M, My and M, are the rolling, pitching and yawing
moments acting on the hub, respectively.

In the helicopter rotor, the loads observed in the rotat-
ing frame are periodic and can be expressed in terms of
Fourier series. The first harmonic of these loads in the
rotating frame is generally dominant and the magnitude of
the harmonics declines with the higher harmonics. The
4/rev hub loads in the fixed frame come from the 3/rev,
4/rev and 5/rev in the rotating frame. Attempts to minimize
the 4/rev hub loads for a four bladed hingeless rotor in
forward flight can result in an increase in the 1/rev and
2/rev blade loads, causing higher dynamic stresses. The
lower harmonic blade loads which are higher in magnitude
are the main sources of dynamic stresses. Therefore, the
constraints are imposed on the dynamic stresses caused by
the 1/rev and 2/rev blade root bending moments. These
constraints avoid reducing the fatigue life of the blade. The
constraints are given by

s, < v Q7
hst,

where JZ 1 JfQ are the scalar norm of 1/rev and 2/rev blade

root bending moments at the i" iteration of optimization,
which are given below :
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P ; Ip 2 Ip. 2 1.2
"!:H_ [\/(r\ ) +{F_\- ) +{F: )

N "+ " T (29)

; 2p. 2 2p.2 2p 2
In= INEDY + F 4 )

2n 2 2p.2 2p.2 12
MY oy 7y ] (30)

Here 121 ] J?,z are the baseline values of the same 1/rev

and 2/rev dynamic stresses respectively. To ensure the
design variables stay within the region where the response
surface is valid, a constraint is added. For the two design
variables, it is found that constraining the design variables
with in the circle as shown in the Fig.1 is effective. And
the constraint is given by,

2 2
X+ x, <2 3D

where the x; and x, are coded variables used in the design
of experiments and can be converted to physical variables
using a linear transformation. For example, the levels +1
and -1 of the coded variable x, in the Fig.1 can correspond
to 5 percent increase and decrease from the baseline value
of the blade mass, respectively. The baseline value of the
mass corresponds to the center point in the x, direction.
Similarly for the coded variable X, the +1 and -1 can
correspond to 25 percent increase and decrease from the
baseline value of the torsional stiffness. Therefore, once
the baseline design at the center point is selected, the
factorial points can be defined as percent changes in the
baseline and the axial points are calculated using a linear
transformation.

Expanding the formulation (31) to k design variables,
the constraint can be expressed in the form,

2 2 2 2
<
xl+x2+x3+...+xk_k (32)

The design variables are constrained to remain with in
the hypersphere of radius V k. The three constraints used
in this work can be written in standard notation as,

0
8, (X) = Jiil ~Ja
1 0
8, X) = ‘]iiZ i
k
)
8,(X) = x —k (33)

i=1



110 JOURNAL OF AEROSPACE SCIENCES & TECHNOLOGIES

The composite objective function can then be written
as,

PX)=f(X)+u, max (0, g, (X )T’

G

+u, [max (0, 2 0.4 ))]2 + 4+ u, [max (0, 2 X

3

where are i, u, and u; are the penalty parameters and a
numerical value of 100 has been taken for each, to obtain
the numerical results discussed in the next section.

Results and Discussion

For the numerical study, a four bladed soft-inplane
hingeless rotor blade which is uniform blade equivalent of
the BO10S rotor blade is considered. The rotor properties
used in this study are shown in the Table-1.

An advance ratio of 0.3, which simulates forward
flight condition is used to obtain the numerical result.

Two Design Variables

To have the geometric representation of the RS model
and a better understanding of the method, only two design
variables are considered initially. These variables are se-
lected as the blade mass and the torsional stiffness, and are
selected as they have been observed to have a strong
influence on rotor vibration from earlier studies [1,2]. The
Lock number has to be updated with the change in the
values of the mass. The Lock number ( y) is defined as

___Table-1 : Baseline Hingeless Blade Properties _|I
Number of blades 4
Radius (m) _ 4.94)
Hover tip speed. m/s 198.12
mo (kg/m) 6.46
EL/mo Q° R 0.0108
EL/m, @’ R* 0.0268 |
GJ/my Q2 R 0.00615 |
m/mo 1.0
Lock number 5.2
solidity - 0.07
Cr/o _ 0.07
|c/R - 0.055
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Y=p acR4/Ib . Here p is density of the air, a is the lift
curve slope, ¢ is the blade chord, R is the rotor radius and
I, is the mass moment of inertia of the rotor blade. Thus,
as the blade mass changes /;, changes resulting in a change
in the Lock number.

The optimization is carried out for two cases. In the
first case, quasi-steady aerodynamic model is employed
in the rotor analysis and in the second case, unsteady
aerodynamic model with both attached flow and impul-
sive aerodynamics is used. The unsteady aerodynamics
are based on the Leishman model [47].

Case 1 : Quasi-Steady Aerodynamic Model

In previous studies, quasi-steady aerodynamics has
been used in the rotor dynamic analysis [1,2]. To see the
influence of the unsteady aerodynamic model, optimiza-
tion is carried out first with the quasi-steady model. A
variation of 25 and 5 percent is taken from the baseline
values of torsional stiffness and the mass of the blade,
respectively. As per the DOE theory, 9 (i.e, 2%42%2 +1=9)
points are selected in the design space. The objective
function values are evaluated at the selected in the design
space. The objective function values are evaluated at the
selected points, using the UMARC code. A RS model is
developed with these results, which is shown in the Fig.2,
where the GJ and m represents the torsional stiffness and
the blade mass, respectively. The second order response
surface function is also given at the bottom of the figure.

THE RESPONSE SURFACE MODEL

o [=]
Om =
- N n
n N N
S

0.118 +

(4
o

<)
»

THE OBJECTIVE FUNCTION VALUE Jv

Fig 2 RS with guasisteady model about baseline design
AGI=25% Am=5%)J,=0.2719-39027 G J

~0.2520 m — 338.4307 G J* +0.08 m> + 9.106 G J* m
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Then optimization is carried out using GA. In GA, the
two design variables were represented with a total of 20
bits, each with 10 bits. The other GA parameters used are
given in the Table-2. Constraints are imposed on the
function to ensure that the design variables remain in the
region, where the response surface is valid. This is assured
by constraining the design variables to remain in the circle
as shown in the Fig.l. The results of the optimization
shows a reduction of 4.08% in the objective function value
J,. And the non-dimensional optimum design values are
GJ = 0.004454, m = 1.0442. The reduction is achieved
with a decrease in the torsional stiffness and a slight
increase in the mass from the baseline design value.

Case 2 : Unsteady Aerodynamic Model

In this case, and for all future results, unsteady aero-
dynamic model is employed in the rotor analysis code. To
search for the global minima, the optimization is carried
out in different stages. The size of the design space is
reduced in each stage, by which the accuracy of the RS
model is increased while reaching the global minimum.
The response surface approximation is developed for the
objective function. The optimization is carried out with the
constraint given in equation (32). The dynamic stress
constraints are evaluated at the optimal design point and
the optimization process is terminated when one of the
dynamic stress constraints become active. In the two de-
sign variables case, the dynamic stress constraints are not
critical within the design space. Therefore, response sur-
face approximations are not created for the dynamic stress
constraints. However, if the design variables are more,
then the dynamic stress constraint sensitivities may be
moderate. Therefore, the response surface approximations
have to be created for them and used as constraints in the
optimization process. The stages of optimization for two
design variables are discussed below.

In the first stage of optimization, a variation of 25 and
5 percent is taken from the baseline values of torsional
stiffness and the mass of the blade, respectively. Then, the
optimization if carried out as discussed in the quasi-steady

Table-2 : Genetic Algorithm Parameters

!_Alg_orithm Parameter Value

Population size _ 50
Mutation rate 0.03
. Crossover rate 0.5
“__Pen_alty factor = 100
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state case. The RS model developed for this stage is shown
in the Fig.3. The Hessian corresponding to this quadratic
form is indefinite. Therefore, one cannot conclude that the
problem is convex and the optimal point may lie on the
constraint boundary.

In this stage, the J, is reduced by 7.15 percent from its
initial value, for the values of design variables, GJ = 0.007
and m = 1.065. The results obtained in this case show that
value of mass has to be increased and torsion stiffness also
increased slightly from the initial baseline design value for
reduction in the objective function value. Also, the RS
model developed for the above two cases (shown in Fig.2
and Fig.3) are different, with in the same design space.
This is found to be because of the strong influence of
torsional stiffness, on the unsteady impulsive pitching
moments. This clearly shows the significance of the un-
steady aerodynamic model in the optimization process.
The adequacy of the model developed is checked. The
residuals versus fitted values is plotted for the model
developed, as given in Fig.4. The plot does not reveal any
obvious pattern and therefore the response surface chosen
is adequate.

The optimum values of the first stage are taken as the
initial design values for the next stage. The perturbations
inm and GJ are made progressively smaller as the iteration
progress. At the second stage, the design space is created
with a variation of 15 and 3 percent along the torsional
stiffness and the mass, respectively. In each stage, the
constraints (27) and (28) are checked and the optimization
is proceeded. In the third stage, a variation of 5 and |

THE RESPONSE SURFACE MODEL

0.25 -+

THE OBJECTIVE FUNCTION VALUE Jv
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Fig.3 RS with unsteady model about baseline design
(AGJ=25% ,Am=5%)J,=0.0232-17795GJ

+2.208 m +24113.19 G J> - 0.88 m*> — 156.1 G J* m
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percent are taken in the torsional stiffness and mass re-
spectively. The RS model developed for the second stage
is shown in the Fig.5. Again, the RS is indefinite. The
residuals versus the fitted values for the model in Fig.5 is
shown in Fig.6. The RS model developed for the third
stage is shown in the Fig.7. The residual versus the fitted
values for the model in Fig.7 is shown in Fig.8. In both the
Figs. 6 and 8 the plot does not reveal any obvious pattern.
So the response surface models developed are considered
to be adequate.

A reduction of 5.28 and 3.3 1 percent is achieved in the
second and third stage, respectively. At the third stage, the
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Fig.4 Plot of residuals versus fitted values for model,
Jy=0.0232-17795G J+2.208 m +24113.19 G J*
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Fig.5 RS model for second stage
AGI=15% Am=5%)J,=2.1877 +1126.89 G J

—10.433 m+8939.8 G J> +8.3184 m> — 1159.37 G J* m
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constraint J,; becomes active and the optimization proc-
ess is terminated. Finally, a total reduction of 15.74 per-
cent is achieved, for the objective function J,. This is
accomplished through three stages of optimization where
response surfaces are created and GA is used for optimi-
zation. Since the RS models created are simple polyno-
mials, GA finds the global constrained minimum point
very rapidly. The interactive nature of the design process
allows the termination of the optimization process at any
stage with a feasible optimal design. The approach is
therefore well suited for an industry setting.
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Fig.6 Plot of residuals versus fitted values for model,
Jy=2.1877+1126.89 G J - 10.433 m + 8939.8 G J*
+8.3184m* = 115937 G J* m

THE RESPONSE SURFACE MODEL

019]

>

E

'Y

=1

z

>

3 0.185-

=

[o]

p=4

>

z

w

>

=

Z 018

Z o

S

w

x

[=4

1047 T — g
T _,4""'/’;5
112 ""'\-\.\_\_\___ = 8
- e
e " 75 PRL]
7
m Gi

Fig.7 RS model for third stage
AGI=5% Am=1%)J,=0.7314+19.4041 G J

—-0.9939 m —9632.49 G J* + 114.4797 G J*+ m



MAY 2004

RESIDUALS
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Fig.8 Plot of residuals versus fitted values for model,
Jy=0.7314 + 19.4041 G J —0.9939 m — 9632.49 G J*
+114.4797 G J* m

Four Design Variables

In this stage, two more design variables, the flap stiff-
ness and the lag stiffness of the rotor blades are added in
the optimization process. The flap stitfness and the lag
stiffness of the blade are kept constant for the full span of
the blade. Thus the four design variables are blade mass,
flap, lag and torsional stiffness. A variation of 25 percent
1s taken tor each of these stiffness variables and 5 percent
along the mass design variable. For the four design vari-
ables, the axial distance in CCD is taken as v 4. And the
function is evaluated at 25 (24 + 2*441) design points.
With these function values, RS model created is given
below.

J, = 64.7222 - 2756. SSEI +967. IEI 2631.32GJ
- 101 48m + 11769. 52E12+ 1706. 31E12+ 39111, 5GJ2

+36.16m" — 14344, 56EI * EI+2562.96m*EI
+37308.78G/ * EL + 2333.35GJ * m—730. 43E1 *m
- 24278 09E1 G (35)

Here also the RS turns out to be indefinite. The RS
function with the constraints (4) and (5) is then minimized
using the GA. A reduction of 14.85 percent in the optimum
function value is achieved in the first stage with the
dynamic constraint J;; becomes active.

The results from the optimization, using four design
variables are presented in Table-3. At the optimum, the
frequencies are reduced as shown in the Table-4. The
initial value of third flap frequency is close to 8/rev. The
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optimizer moves the design such that the third flap is away
from the 8/rev. However, the second flap comes closer to
3/rev but the net result is such that vibration decreases. It
has been observed in many earlier works that a decrease
in torsional stiffness plays an much stronger role in vibra-
tion reduction than changes in flap stiffness. This is be-
cause the changes in blade elastic twist results in
unloading of the blade at certain points in the azimuth.
Further, the flap mode is highly damped due to aerody-
namics compared to the low damped lag and torsion
modes.

The vibration reduction is achieved by de-stiffening of
the blade in flap, lag and torsion directions and a small
increase in blade mass. The frequencies of the lag, flap and
torsion mode are reduced from the baseline values. Fig.9
shows the 4/rev hub forces for the baseline and optimal
design. Fig.10 shows the 4/rev hub moments for the base-
line and optimal design. The dominant component of the
4/rev hub forces in this case is the 4/rev vertical shear and
is reduced by 23 percent. This comes at the expense of a
increase of 51.8 percent and 35 percent in the longitudinal
and lateral 4/rev hub forces respectively. Fig.10 shows the
4/rev hub moments for the baseline and optimal design.
The dominant component of the 4/rev hub moments are
the rolling and pitching moments in this case. These are
reduced by 22.5 and 26 percent, respectively. The rela-
tively smaller yawing moment is also reduced by 49.7
percent. According to the Chattopadhyay etal [11],
among all the dynamic rotor hub loads, in general, the
pitching and rolling moment contribute most significantly

Table-3 : Optimum Values (non-dimensionalised)
Reference At Optimum
Ely 0.0108 0.0062
El; 0.0268 0.0134
GJ ] 0.00615 ~0.0033
'm 1.0 1.0999 |

Table-4 : Blade Frequencies (per rev)

Mode Reference At Optimum
First Lag 0.744 0.579
First Flap 1.146 1.105
Second Flap 3.512 3.097
Third Flap 7.944 6.442
First Torsion 4.551 3.223 |
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hub torces
o

4/rev
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Fig.9 Vibratory forces on the rotor b

to vehicle vibration. Also the vertical shear is a critical
source of hub vibration. Therefore, the optimal design
obtained is a good design.

Convergence problems were encountered in the
aeroleastic analysis, at a few points identitied by the CCD,
when using the unsteady acrodynamics model. Therefore,
the rotorcraft aeroelastic analysis was converged with a
relaxed convergence criteria at these points. The fragility
of rotor aeroleastic analysis, when sophisticated aerody-
namic models are used has been noted by some researchers
[48, 49]. This problem is very important for the successful
application of optimization to rotor aeroelastic problems.
If the rotor aeroelastic analysis fails to converge at any
point, typical optimization algorithms based on gradient
or non-gradient methods will have serious problems. The
"divergence’ of a non-linear analysis results in the "diver-
gence’ of the entire optimization process. However, when
constructing response surface approximations, the rotor
designer is able to use his or her experience in tuning
convergence parameters or initial guesses for the analysis
to obtain a reasonable load prediction. Therefore, the
interactive development and use of response surface ap-
proximations for the rotor aeroelastic analysis allows the
use of optimization methods in helicopter industry.

Conclusions

The problem of vibration reduction in a 4-bladed rotor
is solved using a response surface approach. The objective
function are the 4/rev hub loads. Constraints are imposed
on blade root dynamic stresses and bounds are placed on
the design variables to keep them in the region where the
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Fig 10 Vibratory moments on the rotor hub

response surface approximation is valid. The following
conclusions are drawn from this study.

1. Second order polynomial approximations based on
the central composite design are effective for rotor
acroelastic analysis, provided the design variables
are restricted to a region of validity.

2. The problems of numerical fragility of rotor aeroe-
lastic analysis, especially when refined aeroelastic
analysis are used, are easier to handle using the
response surface approach which overfits a second
order function and is therefore able to handle errors
which may results in a few points due to lack of
convergence.

3. The response surface approach decouples the analy-
sis problem from the optimization problem and can
help in spreading the use of optimization methods as
a design tool in the helicopter industry, where one
group can develop the approximations and another
group can solve the optimization problems.

4. Using the blade flap, lag and torsion stiffness, and
blade mass as design variables, it is found that vibra-
tion reduction of about 15 percent is obtained using
just one response surface approximation. The final
design is softer in flap, lag and torsion and showed a
small increase in the mass. The dominant dynamic
loads which are the vertical hub shear, and rolling and
pitching moments show reduction of 23, 22.5 and 26
percent, respectively.
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