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Abstract

A time domain adaptive control algorithm is de-
veloped to reduce hub vibration of a dissimilar ro-
tor. The control strategy can be implemented using
smart material actuated on-blade trailing edge flaps.
Each flap is controlled individually, optimally tak-
ing into account blade dissimilarities and damages.
The controller is tested using a comprehensive rotor
aeroelastic analysis. The analysis includes dissim-
ilar blade modeling and accounts for aerodynamic
and inertial effects of trailing edge flaps. The con-
troller successfully reduces all harmonics of the hub
loads arising out of blade dissimilarities. Significant
improvements in vibration reduction are predicted
using the present individual control method as com-
pared to a classical control method. A 98% reduc-
tion is achieved for a single targeted load, and at
least 40% for all six hub vibratory loads for a com-
bined objective function. In all cases, trailing edge
flap deflections are limited to +4°.

Notations

Cr Rotor thrust coefficient

Cm Section pitching moment coefficient
Fixed frame hub longitudinal, lateral,
and vertical shears,
non-dimensionalized with respect to
Mye fQQR2

F Fixed frame hub vibration vector
H Measurement matrix

I Identity matrix

J, Scalar non dimensional vibration
objective functions

K Kalman gain vector

M, M,, M, Fixed frame hub rolling, pitching

Jr,Js
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and yawing moments,
non-dimensionalized with respect to
Myef Q2R3

Reference mass per unit span
Number of measurement samples
Number of blades

Myef

Ny

Ny

P Covariance of estimation error

Q Covariance of process noise

r Covariance of measurement noise

rev Rotor revolution

R Rotor radius (dimensional)

T Transfer matrix relating flap inputs to
hub vibration vibration

W, Weighting matrix for fixed frame
hub loads

Wi Weighting matrix for control inputs

Was Weighting matrix for control input
rates

x State vector

z Measurement vector

é Trailing edge flap deflection

Ad Flap deflection increment in 1 rev
I Advance ratio

Q Rotor speed (dimensional)

o Solidity ratio

Subscripts

j 4t row of a matrix or vector
k Blade number

l Hub load number, [ =1t06
n Iteration number

(o Uncontrolled

Introduction

Vibration is a serious problem in helicopters and
the main rotor is a key source of vibratory loads. Os-
cillatory air loads are caused by a highly unsteady
flow field, complex wake structure, coupled and non-
linear blade motions and time-varying blade pitch
inputs. When the blades are identical (tracked ro-
tor), only kNp/rev harmonic loads occurring at the
rotor hub are transmitted to the fuselage (where N,



is number of blades and k is an integer). On the
other hand, if the blades are not identical (dissimilar
rotor), significant non-kN,/rev loads are also trans-
mitted to the helicopter fuselage.

Passive vibration reduction methods like pendu-
lum absorber or modal placement methods have
limited effectiveness over a narrow range of flight
conditions. The most widely studied active con-
trol methods use multicyclic pitch excitation. This
method has great potential because it eliminates
vibration at its source. This is implemented by ac-
tuating the rotor blades at higher harmonics to gen-
erate unsteady forces, which when properly phased
counteract existing vibratory air loads. Several im-
plementation techniques have been considered, such
as HHC (Higher Harmonic Control), IBC (Individ-
ual blade Control) and active control of trailing-edge
flaps (1),

The HHC technique uses swashplate actuation
to control pitch angles of rotor blades. This tech-
nique has been demonstrated to reduce vibrations
through numerical simulations (2), model and full
scale wind tunnel tests (3®) as well as flight tests of
full-scale vehicles (¢). However, this can not control
the blades individually. As a result, non kN,/rev
harmonics arising from rotor dissimilarities cannot
be controlled.

An extension of this technique uses blade root ac-
tuators in the rotating system to individually control
each blade pitch (IBC). The potential of this tech-
nique to reduce vibration has been demonstrated for
identical rotor blades both analytically (78) and ex-
perimentally (%10), Both HHC and IBC methods
require a complex actuation system that impose a
considerable weight penalty and induce high pitch
link loads.

The introduction of smart material actuators has
renewed interest for an alternative active vibration
control approach that employs trailing-edge flaps
(1L,12) These actuators are light weight, high band-
width, and have low power requirement. Active
trailing edge flaps have been shown to achieve a level
of vibration reduction comparable with conventional
IBC while using moderate input angles (13:14),

The IBC approach, either through complete blade
feathering or using trailing-edge flap actuation, al-
lows each blade to be controlled individually and
target the non-kN,/rev loads. However, existing
control methodologies do not make use of this ca-
pability. They use the same phase-shifted control
inputs to all blades, assuming a tracked rotor (iden-
tical blades). Dissimilarities in helicopter blades can
cause a tremendous increase in vibratory loads at
the hub. Currently, to overcome this problem, blade
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tracking is performed periodically resulting in a sig-
nificant increase in operating cost. Moreover, to
minimize blade dissimilarities, tight manufacturing
tolerances are imposed leading to high manufactur-
ing cost. Blade tracking and tight tolerances min-
imize vibrations, but they are time consuming and
expensive.

Recently, closed-loop wind tunnel tests on a 4-
bladed Mach scale rotor using piezo-bimorphs actu-
ated trailing edge flaps were conducted in the Glenn
L. Martin wind tunnel (!3), This actuation system
successfully minimized 4 /rev hub loads by over 90%
for steady and transient flight conditions. A neu-
ral network based time domain adaptive controller
was used (16-18) The controller assumed identical
blades. As a result, large 1/rev loads arising out of
rotor dissimilarities could not be controlled. Any at-
tempt to target these non-kNp/rev loads using this
controller led to excessive flap requirements. This re-
sulted in saturation of actuators and enormously de-
graded control performance. The goal of the present
study is to develop a new control methodology which
takes into account blade dissimilarities and reduces
both kN, and non-kNp/rev loads.

For the majority of vibration reduction studies,
the helicopter is represented by a linear quasi-static
frequency domain model, relating input pitch har-
monics to the harmonics of output loads (1:20). For
adaptive control strategies, this relation is normally
estimated in real time using a Kalman filter identi-
fication. This, in conjunction with a quadratic cost
function, determines the optimal control inputs for
vibration reduction. The controller developed in the
present investigation also uses a linear, quasi-static
helicopter model, but expressed in time domain.
Thus, this model includes all frequencies of both the
measured outputs and the control inputs. A sim-
ilar type study to evaluate a time domain control
algorithm was previously reported by the authors
(21) | The study was performed on a very simpli-
fied blade model undergoing only flapping motion,
with uniform inflow distribution. Considerable re-
ductions in vibratory hub loads were predicted in
presence of several rotor dissimilarities using control
inputs of small amplitude (over 99% reduction of
vibratory F, with 4° peak-to-peak amplitude flap in-
puts). For this, a simple control strategy to account
for rotor dissimilarities was implemented. In this
paper, a refined control algorithm to minimize vi-
bratory loads in a dissimilar rotor is presented. The
controller performance is investigated using a com-
prehensive rotor analysis containing flap-lag-torsion
motions, free wake modeling and trailing edge flap
dynamics.



Helicopter Model

The present comprehensive simulation analysis
is based on UMARC (University of Maryland Ad-
vanced Rotorcraft Code) (22).  The helicopter is
represented by a single main rotor of N elastic
blades. Each rotor blade is divided into 20 finite
elements undergoing flap, lag and torsion degrees of
motion. In the present analysis, 4 flap modes, 3 lag
modes, and 2 torsion modes are used. Each spa-
tial elements can be modeled with a trailing-edge
flap, allowing for an array of independently moving
flaps along the blade. The aerodynamic forces on
the blade sections containing the flap are obtained
assuming changes in the section lift and pitching mo-
ment coefficients. Flap inertial effects are included
both in the blade equations of motion and in the
calculation of hub loads. A bearingless rotor model
is used, based on the MD900 helicopter. The model
features multiple load paths for the flexbeam/torque
tube configuration, viscoelastic snubber, kinematics
of control linkage, and non-linear bending-torsion
coupling within the flexbeam (23), The character-
istics of the model rotor are presented in Table 1. A
refined pseudo-implicit free wake model developed
by Bagai and Leishman (%) is incorporated in the
analysis.

The rotor is first trimmed to zero first harmonic
flapping and a target Cr/o. The shaft angle is ad-
justed to provide propulsive trim. The controller is
then activated. The analysis calculates the steady
state hub loads resulting from a given flap input.
Based on these hub loads, the flap inputs are up-
dated every rotor revolution. The blade hub loads
resulting from the flap actuation are calculated in
the rotating frame for each blade by integrating the
blade inertial and aerodynamic sectional loads. The
rotating system blade loads are then transformed to
the fixed frame. If the N, blades are identical, only
the loads at integer multiple of Np/rev appear in the
fixed frame. If the blades are dissimilar, all harmon-
ics appear in the fixed frame.

Control Algorithm

A control algorithm is required to determine op-
timal control input for each blade. Different con-
trol inputs respectively generated for each blade can
attempt to minimize both the baseline kN, /rev vi-
bration and the dissimilarity-induced non-kNj/rev
loads.

The linear quasi-static model relating the response
vector F' to the multicyclic pitch vector é through a
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Table 1 MD-900 rotor characteristics

Parameters Symbol Value
Number of blades Ny 5
Rotor radius R 16.925 ft
Rotor speed Q 392 RPM
Chord (nominal) c¢/R 0.0492
Lock number (nominal) o4 9.17
Solidity Nyc/mR 0.0779
Lift curve slope c1 7.10
Lift coefficient at a = 0 co 0.1123
Pitching moment coefficient Cmge -0.008
Flap spanwise location / R Tmid 0.83
Flap chord / nominal chord cr 0.25
Flap length / R ly 0.18
Twist Ot 10°
Reference mass/span Myef 0.0655 slug/ft
Reference shear Myef Q2% R? 31,600 lb
Reference moment mwfﬂr"R3 535,000 ft-1b

transfer function is described as :

F=F+T§6 (1)
F'is a vector representing the fixed system hub loads
sampled over one rotor revolution at Ng azimuthal
points; Fy represents the uncontrolled fixed system
hub forces and moments; § is a vector containing the
Ny, individual flap inputs, and T is a (6 N;) X (N, Ny)
transfer matrix. Note that this model assumes that
the fixed system hub loads are periodic. For a 5-
bladed rotor, Eq. (1) can be written as:

Fz FxO

F, Fyo

Fz FzO

M, [T Mo @)

My MyO

M, Mg
Ti1 Ti2 Tz Tia Tis 5
To1 T Tp3 Toy Tos 51

n T31 T3z T3z T34 T35 52

Ty Tuz Tuz Tu Ty s
Ts1 Ts2 sz Ts54 Tss 54
Te1 T2 Tez Tea Tos °

The fixed system hub loads are numbered from 1 to
6 in the order shown in Eq. (2). Each transfer ma-
trix Tjx is a (Ns) x (Ns) matrix relating the [** hub
load Fj to the flap input &5 to blade k. In the case
of perfectly identical blades, for any load Fj, there
exists a relationship between the transfer matrices
Ty and Tjpq1:

®3)

where S is a matrix operator that permutes the

Tiky1 = STy,



transfer matrix rows:

-|

Withp:(Nb—l)%z andq:%z.
Using this global model, the identification prob-
lem involves determination of the transfer matrix,
given the control inputs and measured vibration out-
puts. The transfer matrix varies with helicopter
operating conditions (e.g., thrust, airspeed). There-
fore, the identification method should be made on-
line to track the transfer matrix in real-time. In the
present study, the Kalman filter method is used. It
is a computationally efficient algorithm designed to
update parameter estimates recursively on the basis
of a single measurement. Although the uncontrolled
vibration vector Fy can be obtained from measure-
ments with no flap control inputs, it should be esti-
mated along with the transfer matrix 7" because it
will vary with flight conditions and helicopter char-
acteristics. Eq. (1) can then be rewritten as:

|

At any iteration n, the typical form for the j** mea-
surement is (measurement model):
: }

5, 1]{ (T5)n

0 I

S g

|

5

F-rri { ] )

(Fj)n (FOj)n

H, x, +v,

Zn

(6)

where (7}) is the j** row of T'. Following the nota-
tions used in Ref.(25), z, is the measurement vector,
x, is the state vector to be estimated, and H,, rep-
resents the measurement matrix. The measurement
noise v, is also included in the measurement model,
and is assumed to be a zero-mean, white sequence
of constant covariance r. For simplicity, the sub-
script j is omitted in these notations. Because the
loads are periodic and sampled over one rotor revo-
lution, the state vector dynamics (system model) is
assumed quasi-static and is written as:

Tn =Tp-1+ Wp-1

(7)

where w,,_1 is the process noise, assumed to be a
zero-mean, white sequence of constant covariance Q.
Based on the measurement and system models, the
Kalman filter discrete equations for updating state
estimates are written as:

Kalman gain matriz :

Kn = nlenT [HnPnlenT + T]71 (8)
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Error covariance update :
P,=[I - K,H,][Pn-1+ Q]
State estimate update :
Hpzp 1)

)

Ty =Tp1 + Ky (2, — (10)
Note that the Kalman gain vector K, is same for all
j measurements, so that the unknown parameters
[T'Fpy] can be identified in a single step:

f)e

(11)
This represents an important reduction in computa-
tion time since P,, and K, are calculated only once
for each time-cycle, and the computation of K,, only
requires inversion of a scalar. Once the state esti-
mates are obtained, the optimal control inputs can
be determined. In the present investigation, a de-
terministic controller is used. For this controller, all
the model properties are known from the identifica-
tion algorithm. The individual multicyclic controls
are based on the minimization of the performance
function J, expressed as:

on

[TFoln = [TFg]n1+<Fn — [TFoln-1 { 1

J=Jr+Js
Jr = YTWpY
Js = 6T W56 + ASTWasAS
where Y = F — (Fo)mean

(12)

For simplicity, the subscript n indicating the itera-
tion number is omitted. The weighting matrices Wpg,
W5, and Wags are applied to the output response, the
individual flap input controls, and the individual flap
control rates, respectively. Typically, these are diag-
onal matrices. Some diagonal elements of W can
be set to zero to keep the corresponding vibration
component uncontrolled. Wy limits the flap control
amplitude, and Was limits the control rate. In the
present report, Was = 0, but a hard limit Ad,,qz is
imposed on Ad at each time-cycle to prevent large
control variations. The optimal control input for
each blade is obtained from the minimization of the
performance function J, which means 9.J/96 = 0.
This results in the optimal control solution in the
form (for Was = 0):

(5°7%),,
where D

-DTTWrY,,
[TTWpT + W]~

(13)

Note that the control vector § contains the individ-
ual inputs for each trailing edge flap. This means
that if the blades are dissimilar, the control inputs to
each blade will differ, even in the case where only one
blade is damaged. In a previous study (1), a more



intuitive control strategy was used whereby only the
control input corresponding to the damaged blade
was different. This added constraint resulted in
higher control angles than the more general method
presented here.

Results

Controller performance is investigated under wind
tunnel trim conditions at y = 0.2, Cr/oc = 0.075
and a forward shaft tilt angle of 5°. To simulate
measurements, Ny, = 60 samples are used for each
rotor revolution. To initialize the system identifi-
cation procedure, a value is chosen for the system
noise covariance matrix (), and the measurement
noise covariance r (scalar). Initial guesses are also
made for the state vector zy and estimate error

covariance matrix, . zo = 0, Po = Iin,n,+1);
Q =10"°.I(n,N,+1), and r = 1077 are chosen. For
the controller, a hard limit of §,,4, = +4° is al-

ways imposed on the flap deflection, and Ad,,q. is
adjusted to avoid large transient hub loads.

First the transfer matrices relating the flap control
inputs to hub loads are identified. Then the perfor-
mance of the controller with identical rotor blades
(baseline) is described. Next, the effect of rotor
dissimilarities on the hub vibration is determined.
Finally, the controller performance for reducing hub
vibration with dissimilar rotor is investigated. Com-
parison is made with a classical controller that does
not account for blade dissimilarities.

In a second stage, controller performance is in-
vestigated under wind tunnel trim conditions at
advance ratios from p = 0.10 to p = 0.40, with
Cr/o 0.075. The present individual control
method is compared with a classical controller.

Transfer matrix identification

First, the transfer matrix relating the flap control
inputs to the fixed system hub forces and moments is
identified. Results are shown for the baseline rotor.
A representation of the transfer matrices, Tj1, (I =
1to 6, Eq. 2) for blade 1 is shown in Figure 1. The
columns are plotted versus azimuth for one rotor
revolution. Each column vector represents the hub
force or moment resulting from an impulsive unit
flap input, at a particular azimuth, for a specific
blade. For example, the curves highlighted in white
in Figure 1 are the 16th columns of matrices 731, [ =
1,6. They correspond to the fixed frame hub forces
and moments resulting from an impulsive input of
amplitude 1° at ¥ = 90° (with N; = 60), to blade
1.

Figure 1 shows that the longitudinal and lateral
hub shears are much less sensitive to flap actuation
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Fig. 1 Representation of input/output transfer
matrix for blade 1 (baseline rotor, u = 0.2)

than the vertical hub shear (about 3.5 times less sen-
sitive). On the other hand, the three hub moments
have comparable sensitivities to the flap deflection.
Sensitivity results obtained with the damaged rotor
are very similar.

Control of baseline rotor

The closed-loop control is then applied to the ro-
tor model to reduce hub vibration through optimal
flap inputs. In the first stage, the weighting matrix
Wr is adjusted to control only one fixed system hub
load at a time. The optimal control inputs reach
convergence after about 150 rotor revolutions. Re-
sults are shown in Figures 2 and 4. Figure 2 shows
the effect of the optimal flap actuation on all fixed
system hub loads when the controller attempts to
reduce one particular load. The uncontrolled and
controlled peak-to-peak amplitude are represented
for each hub load (non-dimensionalized as shown in
Table 1). For every one of six cases, the reduction
of considered hub load is over 98%. However there
are significant increases in other vibratory compo-
nents. This is especially true when the objective
to minimize F; or Fj is implemented; the vibration
amplitudes for the vertical hub shear and yawing
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Fig. 2 Controller performance to reduce each

hub load separately (baseline rotor, y = 0.2)

moment are more than doubled. On the contrary,
reducing of F} also results in the reduction of oscil-
latory F},, and vice versa. The reduction of F,, My,
or My has a relatively small detrimental effect on
F, and F), vibration. The reduction of M, leads to
an increased M, vibration, and vice versa. On the
contrary, reducing the vertical shear F, also results
in a decreased vibratory hub yawing moment, and
vice versa. These observations are summarized in
Figure 3, where a dashed line signifies a detrimental
effect and a continuous line indicates a beneficial ef-
fect between two loads. Note that the detrimental
effects are equally present in classical control and are
not artifacts of the individual control algorithm.

Figure 4 shows both the amplitude and phase of
the flap control inputs required to reduce each hub
load. Note that this is still for the baseline rotor
with identical blades, therefore the optimal input is
identical for all blades. As shown by the transfer
matrices in Figure 1, we observe that the largest
flap deflection is needed for the reduction of the hub
shears F, and F, (about 2° peak-to-peak). For all
other loads, the deflection amplitude is comparably
small, about 1° peak-to-peak. The most important
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flap harmonics, i.e. 4/rev, 5/rev and 6/rev for the
5-bladed rotor, are shown in shades of grey, whereas
other harmonics are shown in white. Note that even
though these three harmonics are dominant, actu-
ating the flaps at other frequencies also contributes
towards vibration reduction. In particular, the 7/rev
and 8/rev flap components seem to be important
for the reduction of the hub vibratory moments M,
and M,,. The 2/rev and 3/rev components are also
relatively important when the objective is to min-
imize the oscillatory inplane shear F, or Fy. The
flap deflections required for minimizing F; or Fy are
very similar qualitatively, with large 4/rev and 5/rev
components. Flap inputs corresponding to the re-
duction of F, or M,, have 5/rev as the dominant
frequency. Flap inputs necessary to reduce M, or
M, also appear qualitatively similar, with the 6/rev
as dominant harmonic. However, Figure 4(b) shows
that the phases of the 6/rev harmonic components
are opposite to each other. These are in agreement
with the relations shown in Figure 3.

=2 Fx >< Fx
Y Fy <o
: ey Fz «'
\ MX ~-_ /7 Mx ;
My -°~ 2N My
> Mz Mz<-"

Fig. 3 Multiple load vibration reduction: inter-

action between loads

In the second stage, simultaneous reduction of all
loads is attempted. Weights are adjusted for each
load to give them comparable importance in the
objective function. Results are shown in Figure 5.
Contrary to the previous single load control cases, it
is not possible to reduce completely all six vibratory
loads simultaneously. The vibration is reduced by
more than 80% for three hub loads and over 60% for
other three hub loads. The flap deflection required
to achieve this is considerably increased while still
remaining within limits of +4°. The 3/rev compo-
nent is the dominant flap input.

Effect of rotor dissimilarity

Rotor dissimilarities are introduced by modeling
rotor faults. Two types of rotor faults are con-
sidered. The first fault is simulated by increasing
the mass of the blade section corresponding to the
trailing-edge flap in blade 1 by 1%. The second
fault is simulated by increasing the nose-down pitch-
ing moment coefficient for the same section from
Cm —0.008 to ¢, = —0.01. The trailing edge
flaps, of chord ¢y = 25% of nominal blade chord,
extend from 0.74R to 0.92R for each blade.
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Fig. 5 Simultaneous vibration reduction of all
hub loads (baseline rotor, = 0.2)

Figure 6 shows the magnitude of harmonics for the
six fixed system hub loads, in the case of baseline
and damaged rotor. Only the first five harmonics
are shown, since the amplitudes of harmonics higher
than 5/rev are negligible. For the baseline rotor,
only 5/rev component is present for this 5-bladed
rotor. Even though the extent of damage is very
small, there is a significant effect on other vibra-
tory harmonics. The mass damage introduces a large
1/rev component in the lateral and longitudinal hub
shears. A moderate 1/rev vibration is also present in
the rolling and pitching moments. The effect on the
vertical hub shear and the yawing moment is small.
By contrast, the effect of the aerodynamic damage
is more significant on the rolling and pitching mo-
ments, especially as 1/rev and 2/rev components. It
also introduces a 1/rev component in vertical shear.
Unlike the mass damage, the increase in 1/rev lat-
eral and longitudinal hub vibration due to moment
fault is not significant.

Control of dissimilar rotor

The performance of the present controller (indi-
vidual control) is now tested with dissimilar blades
and compared to that of a controller using identical
flap inputs (classical control). For classical control,

(b) Amplitude of flap harmonics
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Fig. 6 Effect of rotor faults on magnitude of hub
loads harmonics (p = 0.2)

the objective function only includes the kN,/rev
harmonics.

First, the mass fault is simulated in blade 1. Fig-
ure 7 presents the vibration reduction achieved when
the objective function consists of only one hub load,
using classical control and refined individual control.
Using the present controller, the considered oscilla-
tory load is reduced in all six cases by more than
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0.2)

98% in amplitude. However, the reduction of ei-
ther F or F, causes a dramatic increase in all other
hub loads. The classical controller is unable to re-
duce either F, or Fy vibration by more than 50%.
This is because only the 5/rev harmonics is reduced:
this controller has no effect on the 1/rev compo-
nent, which is very large in F, and F), for the mass
damage. Figure 8 shows the corresponding optimal
control inputs. Because the blades are dissimilar,
the controller now generates different flap inputs for
each blade. Flap deflections required for minimiz-
ing either F, or F, show large variations from one
blade to another. These variations translate into
non-kNp/rev loads in the fixed frame. These non-
kNy /rev counteract the large 1/rev components of
F, and F,. On the contrary, the flap inputs gener-
ated for the reduction of other loads are similar for
all blades. This is because the non-kNj,/rev harmon-
ics are relatively small for these loads. In Figure 8,
the optimal control input required for all blades us-
ing classical control is also shown. As expected,
the inputs required using the classical method and
the individual control method are different when the
targeted hub load contains significant non-kNp/rev
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harmonics.

The objective function is then modified to attempt
reducing all fixed system hub loads simultaneously.
Figure 9 shows the vibration reduction achieved and
the flap control inputs required. = The maximum
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flap deflection of 4° is needed while only 40% re-
duction in vibratory amplitude for F) is achieved.
Note that the 3/rev harmonic is again dominant in
the flap inputs for all blades. For this mass damage,
the advantage of using individual flap inputs is less
appealing. Vibrations can be reduced completely
for each load separately but at the cost of increas-
ing vibrations for other hub loads. For simultaneous
control of all loads, individual control performance
is only slightly improved compared to classical con-
trol. Inability of the individual controller to further
reduce the hub vibrations stems from actuator sat-
uration. Higher flap deflections will lead to better
control. With flap deflection limited to +6°, at least
60% vibration reduction is achieved for all loads.
Performance of the classical controller, on the other
hand, is inherently limited by its inability to reduce
non-kN,/rev vibrations. As a result, increasing the
maximum flap deflection does not improve controller
performance. Actuator saturation is caused by the
following three reasons. The greatest effect of mass
damage is felt in F,, and F), vibrations. The sensi-
tivity of F, and Fy to flap deflections is small. The
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effect of reducing either F, or F}, vibrations is detri-
mental for all other vibratory loads.

The aerodynamic pitching moment dissimilarity
introduces significant 1 and 2/rev components in M,
and M,. Also a large 1/rev component is induced
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in F,. However the effect on F}, or Fy is small. Fig-
ure 10 shows the vibration reduction achieved when
the objective function contains only one hub load.
Figure 11 shows the corresponding flap deflections.
Figure 10 shows that each load can be separately
reduced by more than 98% using individual control.
Using classical control, the pitching and rolling mo-
ment vibration is reduced by only 50% while the
vertical vibration is reduced by 60%. The large
non-k Ny /rev components present in these vibratory
loads can not be controlled using identical flap in-
puts. Note that the corresponding optimal flap in-
puts (Figure 11) are very similar for both methods.
Hence vibration reduction can be improved with-
out any increase in flap deflections, simply by using
slightly different inputs for each flap. All loads are
reduced separately with flap deflections less than 2°
peak-to-peak.

Finally simultaneous reduction of all six hub loads
in presence of pitching moment dissimilarity is de-
scribed. The results are shown in Figure 12. Using
individual control all loads are reduced by more than
70%. This is higher than the reduction achieved by
classical control. The required flap deflections are
similar for all blades, with a dominant 3/rev com-
ponent and about 4° half peak-to-peak amplitude.
Again, it is observed that small variations in deflec-
tion from flap to flap can result in greatly improved
vibration reduction.

Effect of control input weight

Figure 13 shows the effect of varying the control
input weight on the controller performance. The
controller performance is measured by the vibration
reduction (with vibration index defined as \/Jp) as
well as the maximum flap deflections. Three cases
are considered: baseline rotor, rotor with mass fault

in one blade, and rotor with aerodynamic fault in
one blade. The control objective is to reduce all
loads simulateously.

Previous results (Figures 5, 10, and 13) are in-
dicated by the dashed lines. For these results, the
weighting matrices Ws have been chosen such that
the maximum flap deflection is 4°. For the baseline
rotor as well as for damaged rotor, the maximum vi-
bration reduction that can be achieved is about 88%.
However, for the baseline rotor, flap deflections are
identical for all blades, while for the damaged rotor,
they are different. The maximum flap deflection re-
quired for baseline rotor is about 7.5°.

The flap deflections required for the rotor with a
mass fault are much larger, up to 14°. However,
when these deflections are limited to 4°, the vibra-
tion index is still reduced by about 65%. Note that a
small increase in maximum flap deflection (e.g., from
4° to 6°) would result in greater vibration reduction
(from 65% to 80%).

The flap deflections required for the rotor with a
moment fault are very similar to the baseline rotor
case (about 7.5°). Note that because this damage
is simulated by a change in pitching moment for the
blade section corresponding to the flap, it is also pos-
sible to cancel the vibration caused by this fault by
imposing a steady deflection to this flap. However
this steady input needs to be added to the input re-
quired for cancelling the baseline vibration. Finally
the total maximum flap deflection would be larger
than that computed by the controller.

Effect of advance ratio

The controller performance is now tested at dif-
ferent advance ratios for the baseline and the dam-
aged rotor. The objective function includes only the
fixed system hub shears Fy, F, and F,, with re-
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Fig. 14 Vibration index with and without con-
trol and required flap deflection for baseline rotor
and rotor with mass fault in blade 1.

spective weights of 0.3, 0.3 and 1, chosen so that
each load has comparable importance in the ob-
jective function at g = 0.20. Figure 14(a) shows
the vibration index \/Jr for the baseline rotor and
the rotor with a mass fault in blade 1, with and
without control. The performance of a classical con-
troller is also shown. Figure 14(b) represents the
half peak-to-peak flap deflections. The vibration in-
dex is minimum at g = 0.25. It increases at low
advance ratio (¢ = 0.10) and high advance ratio
(u = 0.40). The mass fault introduces large 1/rev
component in the F, and Fy shears, while the effect
on F, is very small. The increase in vibration is al-
most constant at all advance ratios for this mass
damage. As a result, the relative increase in vi-
bration is the greatest at moderate advance ratios
(low vibration). For the baseline rotor, the vibra-
tion index /Jr is reduced by more than 88% at all
advance ratios, and up to 95% at g = 0.20. The flap
deflection required is smaller than 4° half peak-to-
peak, and about 1° half peak-to-peak at y = 0.30.
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Fig. 15 Vibration index with and without con-
trol and required flap deflection for baseline rotor
and rotor with moment fault in blade 1.

For the damaged rotor with a mass fault in blade
1, the individual control method is compared with
the classical controller. Using individual control,
the vibration reduction achieved is very close to the
baseline results for p > 0.15. However, the required
flap deflection are larger (about 2.2° half peak-to-
peak at p = 0.30). For p < 0.15, the 4° limit is
reached, resulting in less vibration reduction. For
example, at p = 0.10, the vibration index is reduced
by 78% using this limited flap deflection. Using clas-
sical control, the flap deflection is smaller. However,
the vibration cannot be reduced by more than 75%,
and as low as 40% at u = 0.25. This is because
the non-kNj/rev vibration can not be reduced us-
ing identical inputs for all blades. Note that since
this vibration component is almost constant at all
advance ratios, the reduced vibration index using
classical control is also constant for all advance ra-
tios.

Figure 15(a) and 15(b) shows the vibration in-
dex v/Jr and flap deflections for the baseline rotor
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and the rotor with the aerodynamic moment fault in
blade 1, with and without control. Contrary to the
mass fault case, the vibration increase due to the mo-
ment fault becomes larger at higher advance ratios.
Figure 15(a) shows that using individual control, it
is possible to achieve the same level of vibration
reduction as for the baseline rotor. Moreover, Fig-
ure 15(b) shows that the required flap deflections
are very close to the baseline rotor case; smaller
than 4° half peak-to-peak at all advance ratios, and
about 1° half peak-to-peak at u© = 0.30. However,
using classical control, it is not possible to control
the non-kN,/rev vibration caused by the moment
damage (Figure 15(a)). Since this additional vibra-
tion increases with advance ratio, the performance of
the classical control deteriorates at higher advance
ratios. At p = 0.10, the vibration index can be re-
duced almost as well as for the baseline rotor (about
90% reduction). However, at p = 0.30, only 45% re-
duction can be achieved. This clearly illustrates the
advantage of using different inputs for each blade: at
© = 0.30, the vibration reduction can be increased
from 45% to 94%, with smaller flap deflections.

Summary and Conclusions

The performance of a new control algorithm to
reduce helicopter hub vibrations using trailing edge
flaps has been investigated. This new controller
takes into account rotor dissimilarities and allows
different control inputs to be applied to each trail-
ing edge flap. A comprehensive analytic model based
on a modern bearingless rotor was used in numerical
simulation. The controller performance was tested
at advance ratios from p = 0.10 to p = 0.40, both
for the baseline rotor with identical blades and the
damaged rotor with dissimilar blades. The new con-
troller was compared to a classical controller which
uses identical inputs for all trailing edge flaps. The
rotor faults were modeled as changes in inertial
and aerodynamic properties for the damaged blades.
Observations from the present study are as follows:

1. Longitudinal and lateral hub shears are about
3.5 times less sensitive to trailing edge flap de-
flections than other loads. For the baseline
rotor, each hub vibratory load can be separately
reduced by more than 98% using moderate flap
inputs (1° half peak-to-peak at p = 0.20). For
simultaneous control of all loads, reductions of
more than 60% are achieved for all loads using
flap inputs of amplitude 4° half peak-to-peak.

2. A small mass fault adds a large 1/rev harmonic
in the longitudinal and lateral hub shears. In

this case too, all hub vibratory loads can be sep-
arately reduced by more than 98% with flap in-
puts less than +4° at p = 0.20. However in the
case of the longitudinal and lateral hub shears,
such dramatic vibration reduction is accompa-
nied by very large increases in other loads (up
to 12 times). When controlled simultaneously,
all loads are reduced by at least 40%. This is
only slightly better than the performance of a
classical controller. This is because the limit of
+4° imposed on the flap deflection is reached.

3. The aerodynamic fault introduces significant
1/rev and 2/rev components in the hub rolling
and pitching moments, as well as a large 1/rev
harmonic in the vertical hub shear. Again, all
hub vibratory loads can be separately reduced
by more than 98%, with moderate flap inputs
(1° half peak-to-peak at u = 0.20). When con-
trolled simultaneously, all loads are reduced by
more than 70%. This represents a significant
improvement compared to the performance of
the classical controller (50%).

4. The vibration increase caused by the mass dam-
age is almost constant with advance ratio, while
the vibration increase caused by the moment
damage becomes larger at higher advance ra-
tios. Significant improvements in vibration re-
duction are predicted for all advance ratios from
0.10 < g < 0.40 using the present individual
control method as compared to a classical con-
trol method. At p = 0.30, the vibration index
reduction is increased from less than 45% to
more than 90% using less than 2.5° half peak-
to-peak flap deflections for both the structural
and aerodynamic faults.
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