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Robust Individual Blade Control Algorithm for a Dissimilar Rotor

Beatrice Roget¤ and Inderjit Chopra†

University of Maryland, College Park, Maryland 20742

A new control methodology is formulated for vibration reduction at the rotor hub by controlling trailing-
edge � aps. The novelty of the proposed methodology lies in its ability to control each rotor blade separately and
optimally, taking into account blade-to-blade dissimilarities, while using exclusively � xed-frame measurements.
The controller is formulated in the time domain and adaptively generates in real time individual control inputs to
the trailing-edge � aps to achieve vibration reduction. Numerical simulations using a hingeless rotor model show
that the controller generates control inputs to each blade, taking blade dissimilarities into account, and successfully
minimizes hub vibrations.

Nomenclature
CT =¾ = blade loading
F = � xed-frame load
F0 = uncontrolled � xed-frame load
IK = identity matrix of size, K
k N=rev = integer multiple of N times the rotor frequency
N = number of rotor blades
Ns = number of samples per revolution
R = rotor radius
S = permutation matrix
® = sectional angle of attack
± = � ap de� ection angle
@®=@± = � ap effectiveness
¹ = advance ratio
Ä = rotor revolutions per minute

Subscripts

k = blade number
n = iteration number

Introduction

T HE modern helicopter is susceptible to excessive vibrations
because of increased operational demands in terms of speed,

maneuverability, agility, and crew effectiveness. A high level of
vibration causes fatigue failure of critical components, seriously
affects ride quality and system reliability, increases maintenance
costs, and degrades equipment performance. Helicopter vibration
has several sources, such as the main rotor, tail rotor, engine, trans-
mission, and the rotor downwash on the fuselage. The main rotor,
however, is the main source of helicopter vibration.The main rotor
is routinelysubjected to severe vibratory loads in forward � ight due
to the highly unsteady aerodynamic environment at the rotor disk
and the cyclically varying rotor blade control pitch angles. These
vibratory loads are transmitted to the fuselage via the rotor hub.

Traditionally, vibration reduction is achieved by such passive
control methods as rotor and fuselage structural optimization and
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installation of vibration absorbers on critical components. These
methods are associated with large weight penalties and have lim-
ited effectivenessaway from the tuned � ight condition.To improve
these limitations,variousapproachesto activevibrationcontrolhave
been explored,1 such as higher harmonic control (HHC), individual
blade control (IBC), and active control of on-blade actuators, for
example, trailing-edge � aps. Unlike the passive methods of vibra-
tion control, these active control schemes affect the vibratory loads
at their source, before they propagate into the airframe.

For an N -bladedrotorwith identicalblades,onlyvibrationsat har-
monics that are integer multiples of N times the rotor frequencyare
transmitted through the rotor mast, due to cancellation of the other
harmonicsat the hub. The idea behind theHHC approachis to super-
impose an N=rev excitation to the swashplate motion to control the
helicopter, such that the resulting additional blade loads cancel the
unsteady airloads responsible for the N=rev � xed-frame vibration.
HHC is a proven technology and has been demonstrated through
numerical simulation, model and full-scale rotor tests in wind tun-
nels, and � ight tests of full-scale vehicles to reduce vibrations.2¡6

However, by using swashplate actuation, the frequency content of
the blade pitch motion is restricted, and individual control of ro-
tor blades is not possible. The ability to control each blade inde-
pendently and without frequency restrictions is very important for
stall alleviation and vibration control of a dissimilar rotor. Because
blade-to-blade load dissimilarities are transmitted directly to the
� xed frame, there is always some level of fuselage response at har-
monics other than kN=rev. This problem is addressed by frequent
rotor inspection and by manual blade tracking if required, by ad-
justing trailing-edge tabs in an iterative manner. This approach en-
tails high operatingand maintenancecosts. In the conventionalIBC
approach, each blade pitch is controlled independentlyusing blade
root actuators in the rotatingframe. This allows arbitraryblade pitch
motions and the inclusion of blade tracking for improved vibration
reduction.The effectivenessand potential for vibration reductionof
IBC has been demonstrated analytically7;8 and experimentally.9;10

However, both HHC and IBC are associated with drawbacks such
as high-power requirements, additional weights and complexity,
and high pitch-link loads. With the development of smart structure
materials, considerable effort is now being directed toward active
control of on-blade actuators.11;12 Potential advantages of this ap-
proach may be reduced weight penalty, low-power consumption,
and enhanced airworthiness. Like conventional IBC, each blade
actuator can be individually controlled over a wide range of fre-
quencies.Several investigationshave analyticallydemonstratedthat
active trailing-edge � aps can achieve a degree of vibration reduc-
tion comparable with conventional IBC while using moderate in-
put angles.13;14 Recently closed-loop wind tunnel tests on a four-
bladed Mach scale rotor using piezobimorph-actuated trailing-edge
� aps was conducted in the Glenn L. Martin wind tunnel. The per-
formance of this actuator was successfully demonstrated to mini-
mize 4/rev hub loads by over 90% for steady and transient � ight
conditions.15
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For a feedbacksystem, controllermethodologyis needed to deter-
mine optimalcontrolinputsto eachblade.The majorityof helicopter
vibration reduction studies have been based on linear, quasi-static,
frequency-domain representations of the transfer function of the
helicopter response to control inputs. For adaptive control strate-
gies, Kalman-� lter-type identi� cation of helicopter parameters has
been normally used together with a quadratic cost-function-type
controller to determine the optimal control harmonics for vibra-
tion alleviation.16;17 In the present study, the controller formulation
follows the conventional approach, but uses a time-domain repre-
sentation of the helicopter vibration to avoid limiting the frequency
contentof both the inputs (� xed system vibratoryloads) and outputs
(individualblade control angles). This scheme is based on the work
by Spencer et al.,18¡20 where the controller uses a single hidden
layer neural network representation to reduce vibratory hub loads
of an identical rotor.

In a real rotor, the vibration transmitted to the fuselage can be
divided into two parts: the baseline vibration and the additional
vibrationcaused by blade-to-bladedissimilaritiesin mass, stiffness,
and aerodynamic properties. To achieve vibration reduction, both
parts must be minimized. The � rst part corresponds to the vibration
generated by an equivalent rotor with identical blades and hence
contains exclusively k N=rev harmonics. Therefore, to reduce this
vibration component, the blades can be controlled together; that is,
a common control input is applied with the appropriate phase shift
to all blades. In contrast, to reduce the second component of vi-
bration, the blades should be controlled independently.As a result,
for baselinevibration reduction,only � xed-framemeasurementsare
adequate,whereasforothervibrations,measurementscontainingin-
dividual information from each blade are required.Hence, rotating-
frame measurements may be needed. Fixed-system hub shears and
moments cannot be measured directly, but they can be accurately
derived from a series of shaft bending strain gauges (balance). Hub
vibrationscan also be monitoredusing accelerometers.Modern mi-
cromechanicalsensors based on piezoelectricand optical technolo-
gies are able to detect very small changes in vibration, of the order
of 10¡6g (Ref. 21). On the other hand, acquiring sensor data from
each rotor blade is dif� cult and involved. Rotor blade instrumenta-
tion systems must operate in a severe dynamic environment,where
the centrifugal load may range up to 900g at the rotor blade tip and
vibratory load spectrum can extend past 60 Hz (Refs. 22 and 23).
Therefore, only limited measurements, such as blade root � apping
and pitching moments, can be convenientlyacquired in the rotating
frame using on-blade strain gauges. Because of these dif� culties,
existing control schemes designed for helicopter vibration reduc-
tion are based on � xed-frame measurements and assume tracked
rotor systems with identical blades, resulting in degraded perfor-
mance when the algorithm is applied to a rotor with blade-to-blade
dissimilarities.24

The objectiveof this research is to develop a re� ned time-domain
control methodologyand to demonstrate numerically that complete
vibration reduction can be achieved in helicopters with on-blade
actuators, by generating individual optimal control inputs to each
blade while using exclusively � xed-system measurements.

The paper is organized as follows. First, the simulation model of
the helicopter rotor with a trailing-edge � ap is presented. Next, the
new control methodology (individual � ap control) is discussed in
detail. Finally, sample calculationsfor a few test cases are presented
and discussed.

Mathematical Model of Rotor System
The helicopter is represented by a nonlinear model of N elas-

tic blades. Only the � ap bending motion is considered. Governing
equations are derived using a generalized Hamilton’s principle ap-
plicable to nonconservativesystems:
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where±U is thevirtualvariationof strain energyand±T is thevirtual
variationof kineticenergy.External aerodynamicforceson the rotor
blade contribute to the virtual work variation ±W . The trailing-edge
� ap effect is representedin the correspondingsegmentof each blade
k by an additional term in the sectional angle of attack:
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@®=@± is the rate of change of effective angle of attack with � ap
de� ection.For this analysis, the unsteadyaerodynamiceffectsof the
trailing-edge � ap are not represented. Finite element methodology
is used to discretize the governing equations of motion and allows
easy adaptation for nonuniform blade properties.

The � rst step in the aeroelastic analysis procedure is to trim the
vehicle for the speci� ed operating condition.Trim involves the cal-
culation of rotor controls, vehicle orientation, and blade response
such that the vehicle trim equations and the blade periodic response
equationsare solved simultaneously.Satisfactionof the vehicle trim
equations implies that the resultant forces and moments on the ve-
hicle, averaged over one rotor revolution, become zero. The blade
� nite element equations are transformed to normal mode space for
ef� cient solution of the blade response. The nonlinear, periodic,
normal mode equations are then solved for steady response using a
� nite element in time method. Steady and vibratory components of
the rotatingframe blade loads are calculatedusing the force summa-
tion method. In this approach,blade aerodynamicand inertia forces
are integrated directly over the length of the blade. Fixed-frame
hub loads are calculated by summing the contributions of individ-
ual blades. The coupled trim procedure is then carried out to solve
for the blade response, pilot input trim control angles, and vehicle
orientation simultaneously.

Once a trim solution has been calculated for the baseline rotor
at a speci� ed � ight condition, dissimilaritiesare simulated between
the blades. The periodic (out-of-trim) solution is obtained for each
blade, and the controller is activated. The resulting transient blade
response is then calculated for one rotor revolution by integrating
the normal mode equations in time. The time integrationis based on
the Runge–Kutta explicit scheme. For the � rst rotor revolution, the
excitation is random, and the periodic solution provides the initial
condition. For subsequent rotor revolutions, the initial condition is
taken from the previous transient solution. These calculations are
carried out for each blade independently to account for blade dis-
similarities. The transient blade response is obtained for three rotor
revolutions, but only the last revolution, which is close to periodic
response,is used in the adaptivecontroller.From the blade response,
the transientrotating frame loads are calculated.Contributionsfrom
each blade are then summed to calculate the � xed frame vibratory
shears and moments to be minimized. This procedure is shown in
Fig. 1.

Individual Flap Control Methodology
This control scheme is developed herein to achieve vibration re-

duction in the special case when the rotor blades have dissimilar-
ities, resulting in non-kN=rev harmonics in the � xed-frame hub
vibratory loads. This scheme is a re� ned versionof a previouswork
by the present authors.24 In theory, reduction of � xed-system vi-
bratory loads can be achieved by using the same control inputs to
all blades with the appropriate phase. However, when the rotor is
dissimilar, the required trailing-edge� ap de� ection angles for min-
imization may become too large.24 Because some degree of rotor
dissimilarity is always present, it may be important to control each
trailing-edge � ap individually.

To control the blades independently,it may be necessaryto obtain
individual informationfrom each blade. In view of the complexities
associated with acquiring rotating-frame data, the present control
scheme is designed to use exclusively� xed-frame measurements to
extract individualblade information.To this effect, different control
inputs are applied to each blade, as shown in Fig. 1. It is then pos-
sible to extract individual blade information from the knowledge of
the � xed-frame load measurements and the individual � ap control
inputs, explained as follows.
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Fig. 1 Individual � ap control scheme block diagram.

For a four-bladed rotor, assuming the system is linear and peri-
odic, the relationship between control inputs and � xed frame load
can be written as

F D F0 C [T1 T2 T3 T4] ¢

8
>><

>>:
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D F0 C [T ] ¢ f±g (3)

where Tk are the transfer matrices relating the sampled vibration to
the sampled controls, ±k are the individual � ap controls, F is the
total � xed-frame vibration, and F0 is the uncontrolled � xed-frame
vibration, sampled at Ns points over one rotor revolution. In the
case of perfectlyidenticalblades, there exists a relationshipbetween
the transfer matrices Tk and Tk C 1,

Tk C 1 D S ¢ Tk (4)

where S is a matrix that operatesa permutationon the transfermatrix
rows,

S D
µ

0 I p

Iq 0

¶
(5)

where p D .N ¡ 1/.Ns=N / and q D Ns=N .
Note that, in expression (3), the only assumptionsmade are peri-

odicity and linearity.The system is not assumed to be time invariant.
The transfermatrices Tk for each bladeare unknown a priori; hence,
a system identi� cation technique is needed. In this paper, we use
the classic Kalman � lter method to identify the transfer matrices.
Although the uncontrolledvibrationcan be obtained from measure-
ments (when no controls are applied), F0 should also be estimated
online because it will vary when � ight conditionsor helicopterchar-
acteristics change. Equation (3) can then be rewritten as

F D [T F0] ¢
»

±

1

¼
(6)

At iterationn, themeasurementvectorisZn D F , and the statematrix
to be estimated is Xn D [T F0]. The Kalman � lter approach obtains
an estimate of Xn , which minimizes the errors produced between
the measured output and the output predicted using the estimate of
Xn and the input. This is done for each row of expression (6).

In Eq. (3), it is assumed that the steady-state periodic solution
is reached. The load vectors are sampled over one rotor revolution;

therefore, the system model is static. The system model is written
as

Xn D Xn ¡ 1 C Wn ¡ 1 (7)

where Wn is the system noise matrix. Each line of Wn is assumed
to be a zero-mean, white sequence of constant covariance Q.

The measurement model comes from Eq. (6):

Zn D Xn ¢ HT
n C Vn ; Hn D [±T 1] (8)

where Hn is the measurement matrix and Vn is the measurement
noise, also assumed to be a zero-mean, white sequence. The ele-
ments of Vn are assumed to have the same covariance R, assumed
constant. To begin the system identi� cation procedure, a value is
chosen for the system noise covariance matrix Q and the measure-
ment noise covariance R (scalar). Initial guesses are also made for
the initial state matrix X0 and estimate error covariance matrix P0.

The system identi� cation procedure is then carried out, using the
discrete Kalman � lter equations: the Kalman gain matrix,

Kn D Pn ¡ 1H
T
n

£
Hn Pn ¡ 1HT

n C R
¤¡1

(9)

the error covariance update,

Pn D [I ¡ KnHn] ¢ [Pn ¡ 1 C Q] (10)

and the state estimate update,

Xn D Xn ¡ 1 C
©
Zn ¡ Xn ¡ 1HT

n

ª
¢
©
KT

n

ª
(11)

Note that the computation of the Kalman gain matrix only requires
inversion of a scalar. Based on the computed parameter estimates, a
deterministic control law is required to generate individual optimal
control inputs for each trailing-edge � ap.

To minimize the resulting � xed-frame load, each trailing-edge
� ap k must produce a load L k in the rotating frame such that

NX

k D 1

Lk D ¡fF0 ¡ .F0/meang (12)

so that when the individual controls are applied simultaneously, in
the ideal case, the vertical hub load is constant and equal to the
trimmed value

F D F0 C
NX

k D 1

Lk D .F0/mean (13)

From Eq. (12), it is clear that thereexists severalways to generatethe
optimal control inputs for each blade. In Ref. 24, three constraints
were imposed to guide the choice of the optimal control inputs:

1) All blades should contribute to the same level in the reduction
of the kN=rev � xed-frame load (k > 1).

2) The more a blade is different from the average blade, the more
it should contribute to the reduction of the other harmonics of the
� xed-frame load.

3) If two bladesare identical, they should receive identicalcontrol
inputs.

These constraintsallowed us to de� ne an objective function to be
minimized for each blade. The controller performance achieved for
the vertical hub load alone was very good (99% reduction in 150
revolutions without noise). However, these constraints were found
to be too limiting in the case of multiple loads control, leading
to less vibration reduction. Therefore, in this paper, we adopt a
more general control law, which does not impose any constraints
on the control inputs. The deterministic control law is based on the
minimization of the quadratic performance index J :

J D YT WF Y C ±T W±± C . D ±/T W1±. D ±/ (14)

where Y D F ¡ .F0/mean .
The weighting matrices WF , W± , and W1± , applied to the vibra-

tions, control, and rate of change of control, respectively, may be
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changed to modify the relative importance of these various compo-
nents. The optimal control input is determinedby putting the partial
derivative of J with respect to ± equal to zero:

@ J

@±
D f0g (15)

Thus at each iteration n,

.±opt/n D D ¢
¥

W1±.±
opt/n ¡ 1 ¡ T T WzYn

¦

D D
¡
T T WzT C W1± C W±

¢¡1
(16)

Note that becausethe same performanceindex is used for all blades,
the vector ±opt gives directly the optimal control angles for each
trailing-edge � ap. For a four-bladed rotor,

±opt D
©
±

opt
1 ±

opt
2 ±

opt
3 ±

opt
4

ªT
(17)

The control law is extended to allow control of multiple loads in the
� xed frame. The performance index to be minimized is written for
Nl loads to be controlled:

J D
NlX

nl D 1

¡
YT WF Y

¢
nl

C ±T W±± C . D ±/T W1±. D ±/ (18)

where .Y/nl D [F ¡ .F0/mean]nl :

a) Open-loop identi� cation

b) Original closed-loop identi� cation

c) Modi� ed closed-loop identi� cation

Fig. 2 Open-loop and closed-loop identi� cation.

When this procedure is used, the controller is able to generate
individual control inputs to each trailing-edge� ap, using only mea-
surements in the � xed system.

Closed-Loop Identi� cation Problem
Closed-loop and open-loop system identi� cation performance

may differ signi� cantly. During open-loop identi� cation, random
excitation of the system ensures that the system will always gener-
ate diverse enough outputs for correct identi� cation. In closed-loop
identi� cation, however, the control commands are chosen to min-
imize helicopter vibration. As the controller approaches a steady-
state optimal control solution, the control commands from one step
to the next will not be very differentbecause they are nearlyoptimal.
In this situation,the identi� ed parameters can prematurelyconverge
to values different from the real solution.Anotherproblemcan arise
when the measurements are contaminated with noise. As the con-
troller reduces the vibration, the stage may be reached where the
noise begins to dominate the residual measured vibration signals.
The system identi� cation algorithm may, therefore, erroneouslyat-
tempt to identify a matrix relating the small changes in control to
the random changes in the measurement signal. Note that, in some
cases, vibration could be well controlled even with a poorly identi-
� ed transfer matrix. However, in other cases, a poor identi� cation
could result in a totally degraded controller performance; hence,
it becomes necessary to improve the closed-loop identi� cation
process.

To improve the closed-loop control performance, random input
anglesof small amplitudeare added to the computedoptimal control

a) Collective � ap control

b) Individual � ap control with restricted inputs

c) Individual � ap control with unrestricted inputs

Fig. 3 Performance of different � ap control methodologies for hub
rolling moment control.
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inputs when the identi� ed parameters approach their converged
value. An index is de� ned to quantify the parameter identi� cation
convergence, for each blade k, at iteration n:

¡
J conv

k

¢
n

D 1
N 2

s

NsX

i D 1

NsX

j D 1

jT .i; j/jn ¡ jT .i; j/jn ¡ 1 (19)

When the convergenceindex for each blade becomes small enough,
the computed optimal inputs for each � ap are applied without addi-
tional input.

With this method used, the results are presented for open-loop
identi� cation (Fig. 2a), original closed-loopidenti� cation (Fig. 2b),
and modi� ed closed-loop identi� cation (Fig. 2c). These results are
obtained for a dissimilar rotor. The mass of blade 4 is increaseduni-
formly by 1%, whereas the mass of other blades is kept at the base-
line value. The left-hand sides of Figs. 2a–2c show representations
of the identi� ed transfer matrix for blade 1 (T1/, after convergence.
The matrix columns are plotted vs the line number, and the matrix
size is Ns D 60. The right-hand sides of Figs. 2a–2c show the time
history of the norm of the identi� ed transfermatrices for each blade.
This norm is de� ned as

jTk j D 1
Ns

NsX

i D 1

NsX

j D 1

jTk.i; j/j (20)

During open-loop identi� cation (Fig. 2a), the inputs are random,
ensuring that the transfer matrices converge to the correct values.
It is veri� ed that the norm of the transfer matrix corresponding to

a) Vertical hub load time history

b) Harmonic content of vertical shear

c) Optimal � ap angles

d) Harmonic content of � ap angles

Fig. 4 Moisture absorption damage.

the identical blades 1, 2, and 3 is equal, whereas it is different for
blade 4. The relationship between T1, T2, and T3 [Eq. (4)] is also
veri� ed. Figure 2a also shows that the system is not time invariant:
For a time invariant system, each column of Tk is a permutation of
the � rst column, so that the columns have the same amplitude.

Figure 2b shows the originalclosed-loopidenti� cation.The iden-
ti� ed transfer matrix after convergence is very different than the
open-loopidenti� ed matrix. This is because convergenceis reached
too early, at iteration 110, when the control inputs converge. In this
case, the � nal transfermatrix norms are different for all four blades.

Finally, Fig. 2c shows the closed-loop identi� cation, with the
modi� ed scheme. It is seen that adding small randomangles to con-
trol inputs before convergence improves the transfer matrix identi-
� cation, which becomes similar to the open-loop case. The bene� t
of this system-probingmethod on the identi� cation performance is
quite apparent in Fig. 2. However, in this case, the controllerperfor-
mance is not improved signi� cantly:Even with the poorly identi� ed
transfer matrix from Fig. 2b, vibration is completely canceled after
convergenceof the control algorithm.

Sample Calculations
Resultsare obtainedfor a four-bladedhingelessrotormodel.Each

rotor blade is modeled using 10 spatial � nite elements along the
blade span. Five rotating natural � ap modes for each blade are used
for modal analysis. Eight time � nite elements with fourth-order
shape functions are used along the azimuth to calculate the blade
response. When these values are used, a converged blade solution
is obtained. The blade � rst rotating � ap frequency is 1.11/rev.

a) Vertical hub load time history

b) Harmonic content of vertical shear

c) Optimal � ap angles

d) Harmonic content of � ap angles

Fig. 5 Loss of trim mass damage.
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The trailing-edge � ap size is 20% of the blade chord and 18%
of the radius in length, centered at 0.83R. This corresponds to
@®=@± D 0:50, where @®=@± is the rate of change of effective angle
of attack due to � ap input. 25 A maximum � ap input limit of §5 deg
is imposed. Level � ight conditions corresponding to ¹ D 0:30 and
CT =¾ D 0:07 are considered.The controllerparametersare WF D 1,
W± D 2:5e¡4, and W1± D 5e¡6. This set of controller parameters
results in satisfying convergence properties and transient dynam-
ics, but can be modi� ed without deteriorating the controller perfor-
mance. For measuring loads and to generate � ap control inputs, 60
sample points per rotor revolution are used. To start the initial con-
trol iteration, small random � ap angles are used as control inputs.
As the controlleradapts, the rate of change of the � ap control inputs
are restricted to avoid high transient loads at the hub.

The objective of the controller is to minimize oscillations in the
vertical hub shear force, a key component that causes vibration at
the pilot seat. All loads are nondimensionalized with respect to a
reference force de� ned as m0.ÄR/2 , where m0 is the mass per unit
length of an equivalent uniform blade with the same � ap inertia and
ÄR is the blade tip speed. For each case, the helicopter rotor is � rst
trimmed at the speci� ed � ight condition. The baseline vertical hub
vibration is determined, and the controller is activated.

To simulate rotor dissimilaritiesamong the four blades,one blade
is assumed to contain a fault and the other blades are kept identical.
The fault modelingapproachis basedon that of Ganguliet al.26 Four
types of rotor dissimilaritiesare simulated: 1) moisture absorption,
2) loss of trim mass, 3) damaged trailing-edge � ap, and 4) bending
stiffness damage.

a) Vertical hub load time history

b) Harmonic content of vertical shear

c) Optimal � ap angles

d) Harmonic content of � ap angles

Fig. 6 Damaged trailing-edge � ap.

Moisture absorptionin a blade can occur in a humid environment
and results in changes in the blade mass properties.To simulate this
damage, themass of the damagedbladeis increaseduniformlyalong
the elastic axis by 3%. The masses of the other blades are kept � xed
at the baseline value. Loss of trim mass is modeled by removing
5% of baseline mass from a particular section of a rotor blade. This
section is chosenbetween94 and 95% of the blade span.To simulate
a damaged trailing-edge� ap, it is assumed that the damaged� ap has
a steady0.1-degde� ection angle in the uncontrolledstate compared
to zero de� ection angles of the undamaged � aps. Therefore, the
damaged blade has additional lift at the tip, causing an out-of-track
condition.The stiffnessdamage is modeledby reducing the bending
stiffness of a particular section of the blade to 85% of the baseline
value. This section extends from the root to 10% of the rotor radius.
Finally, the controller behavior in the case of a real dissimilar rotor
is studied. In this case, some inherent damages or unbalances are
present. This is simulated by randomly introducing differences in
each blade mass and stiffness properties within 5% of the baseline
properties.

Figure 3 shows the performanceof different � ap control method-
ologies for the reduction of the hub rolling moment, with moisture
absorptiondamagein blade4. The left-handsidesofFigs. 3a–3c rep-
resent the optimal � ap inputs for all blades, whereas the right-hand
sides show the hub rollingmoment, both before and after control.To
obtain Figs. 3a, the collective� ap control method is used, where the
same phase-shifted� ap input is applied to all blades.Figures3b cor-
respondto the individual� ap controlwith restrictedinputs:Different

a) Vertical hub load time history

b) Harmonic content of vertical shear

c) Optimal � ap angles

d) Harmonic content of � ap angles

Fig. 7 Bending stiffness damage.
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� ap inputs are applied to different blades; however, identical � ap
inputs are applied to blades that are identical. Finally, Figs. 3c are
obtained using the present � ap control methodology, without any
restriction for the � ap inputs. The predicted � ap amplitudes for the
collective � ap control are impractical (¡25–12 deg). This can be
explainedby dividingthe required� ap input into two parts:One part
is necessary for reducing the 4/rev vibration (k N=rev); another part
is required to cancel the effect of the dissimilarities (non-k N=rev).
With the � rst control method, the 4/rev component can be canceled
usinga � ap inputof relativelysmall amplitude(§1.5deg). However,
it is very dif� cult to cancel the effect of the damage in blade 4 using
the same input for all blades: The required � ap input is extremely
high (¡25–12 deg). A similar observation was made from the re-
cent model rotor test in the wind tunnel to minimize vibratory hub
loads with bimorph-actuated � aps. With rotor dissimilarities, the
� ap requirements became excessive, resulting in the saturation of
actuatorsand enormouslydegradedcontrolperformance.27 With the
secondcontrolmethod, individual� ap controlwith restrictedinputs,
the required � ap amplitude is reduced (¡1.7–4.5 deg). However,
only 80% vibration reduction is achieved. The vibration reduction
achievedwith the presentcontrolmethodologyis more than99%.At
the same time, the required � ap angles are only §1.3 deg in ampli-
tude. Small � ap angles get translated into a low actuation power for
vibrationminimization.Thus, Fig. 3 clearlyillustratesthe advantage
of the present control methodology.

Figures 4–7 show the controllerperformancewith a fault in blade
4 to minimize the vertical � xed-frame vibratory hub shear. Figure 8
shows the controller performancewith a fault in all blades. Figures
4a–8a show the time history of the vertical hub shear. In all fault
cases, this load is reduced completely (by more than 99%) in less
than 120 rotor revolutions. In Fig. 4b–8b, the harmonic content of

a) Vertical hub load time history

b) Harmonic content of vertical shear

c) Optimal � ap angles

d) Harmonic content of � ap angles

Fig. 8 Various damages in blade mass and stiffness.

the vertical hub load is shown, for the baseline rotor with controller
off, the damaged rotor with controller off, and the damaged rotor
with the controller on. For the baseline rotor with identical blades,
only 4/rev � xed-system loads are present. It is seen that most faults
introducea signi� cant 1/rev componentand smaller 2/rev and 3/rev
components.The bendingstiffnessdamageeffect is more signi� cant
on the 3/rev component (Fig. 7b). Apparently, damage does not
introduceany hub load harmonic above 4/rev using this simple rotor
model. As shown in Figs. 4c–8c, the controller generates dissimilar
� ap angles for all blades, and the dominant harmonic component
of these inputs is 3/rev (Figs. 4d–8d). The � ap de� ections required
for each blade do not exceed 3 deg peak-to-peak for all damage
cases. Note that even though damage is incorporated in one blade
(blade 4), the � ap input to each blade is somewhat different. Also
note that even though there are negligible load harmonics above
4/rev, the controller seems to require small � ap inputs at 6/rev and
higher. Because these higher harmonic inputs may be more dif� cult
to implement and may not be too signi� cant for vibration reduction,
it may be possible to neglect these without any major effect on the
controller performance.

Figure 9 shows the controller performance when simultaneous
reduction of several � xed-frame loads is attempted. In this case,
the vertical hub shear and the pitching moment and rolling mo-
ment vibrations are reduced simultaneously, with equal weights:
WF z D WM y D WMx D 1. All three loads are reduced by 99% after
150rotor revolutions.As expected,theamplitudeof the required� ap

Vertical hub load

Hub pitching moment

Hub rolling moment

Optimal � ap angles

Harmonic content of � ap inputs

Fig. 9 Multiple loads control with moisture absorption in blade 4.
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a) Vertical hub shear time history

b) Time history of the identi� ed transfer matrices norm

c) Optimal � ap angles before advance ratio change, iteration 145,
¹ = 0.30

d) Optimal � ap angles after advance ratio change, iteration 295,
¹ = 0.35

Fig. 10 Effect of a change in advance ratio at iteration 150.

inputs is increased compared to the single load control. However,
the � ap amplitude remains realistic (less than §3 deg).

Figure 10 shows the effect of a change in � ight condition on
the controller performance. This is shown for the moisture absorp-
tion damage in blade 4. The advance ratio is suddenly increased at
iteration 150 from 0.3 to 0.35. Figure 10a shows that this sudden
change results in increasedvibration.However, the controlleris able
to identify the new transfer matrices and cancel vibration in about
50 revolutions. The identi� cation of the new transfer matrices is
apparent in Fig. 10b. The control angles required for the new � ight
condition are larger in amplitude: about §2.5-deg amplitude for
¹ D 0:35, compared to less than §1.5 deg for ¹ D 0:3 (Fig. 10c).
Note that some vertical hub load time histories show substantial
transientsduring controller identi� cation.This problemcan be alle-
viated by applying tighter constraintson the � ap inputs (increasing
W± or � xing a limit to the maximum increase in � ap de� ection in
each iteration), but this also increases the controller learningperiod.

All of the preceding results have been obtained using computed
clean hub loads (with no measurement error). To make the simula-

Fig. 11 Effect of measurement noise on vibration reduction with mois-
ture absorption damage in blade 4.

tions more realistic,noise is added to the numericalpredictions.The
results are presented in Fig. 11 in the case of moisture absorption
damage in blade 4. (Similar results are obtained for other damage
cases.) The vertical hub load variations are shown for different lev-
els of white noise. The noise amplitude is indicated in percentageof
the uncontrolledvibration amplitude, for the damaged rotor. Three
cases are simulated:1, 5, and 10% noise. Although the performance
of the controller deteriorates as the noise level is increased, in all
simulated cases the controller is able to reduce the vibration ampli-
tude to about the same level as the noise amplitude. The algorithm
is robust to the presence of noise in the measurements.

Conclusions
A new real-time adaptive control scheme is developed for heli-

copter hub vibration reduction using on-blade trailing-edge � aps.
This scheme controls each trailing-edge � ap independently, tak-
ing into account individual blade dissimilarities,while using � xed-
frame measurements.

Using numerical simulation, the controller is tested in pres-
ence of rotor dissimilarities, modeled by changes in mass, stiff-
ness, and aerodynamic properties of the damaged blade. The con-
troller generates different control inputs for each blade according
to their individual dissimilaritiesand successfullyminimizes vibra-
tion. Observations from the present study are as follows:

1) The vertical vibration is reduced by 99% in 150 revolutions in
all test cases, and in each case the � ap requirements do not exceed
2-deg peak-to-peakat ¹ D 0:3.

2) Simultaneous reduction of three hub loads (vertical shear,
pitching moment, and rolling moment) by more than 99% is
achieved in less than 150 revolutions with required � ap de� ections
of less than 6 deg peak-to-peakat ¹ D 0:3.

3) The controller adapts to a change in advance ratio from 0.3 to
0.35 in less than 50 revolutions by generating new control inputs
for each � ap (5 deg peak-to-peak for ¹ D 0:35 compared to 3 deg
peak-to-peak for ¹ D 0:3).

4) With noise-corruptedmeasurements, the present controller re-
duces the vibration amplitude to about the same level as the noise
amplitude. With 10% measurement noise, the vertical vibration is
reduced by 89% in amplitude at ¹ D 0:3.

Future research will use the comprehensive rotor code UMARC
for more realistic controllersimulations,and the controllerbehavior
will be checked through a smart rotor test in a wind tunnel.
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