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The e ect of actuator saturation on the vibration and noise reduction capabilities of
actively controlled trailing-edge aps and micro aps is examined. A new approach to
handling actuator saturation in the HHC algorithm is developed based on constrained
nonlinear optimization techniques. The performance of this approach in reducing vibra-
tions and noise is compared to three existing approaches at various ight conditions. The
results indicate that truncating or scaling the optimal ap/micro ap de ection can sig-
ni cantly compromise the vibration or noise reduction performance. By comparison, the
auto-weighting approach and the new optimization based approach yield far better perfor-
mance. However, the optimization approach takes less computational time and performs
better in the case of multiple control surfaces as it utilizes all of them to the maximum
possible extent.

Nomenclature

b Airfoil semi-chord = c=2
c Airfoil chord
Cp Pressure coe cient on the airfoil surface
Cr Rotor thrust coe cient
Car Parasitic drag coe cient of the fuselage
Cw Helicopter Weight coe cient
Do; D1 Generalized ap motions
e Blade root o set from the center of rotation
f Generalized load vector
Frxa; Fry 4;
Fuza Nondimensional 4/rev hub shears
k Reduced frequency = 1h=U
L, Blade length
Lc Spanwise dimension of blade segment with micro ap
M Mach number
Mg, Blade mass
Mux4; Muy 4;
Muz4 Nondimensional 4/rev hub moments
Mu21 Total yawing moment about the hub
Np Number of rotor blades
NHos; NHo7; ) )
‘Ny17 6th 17t harmonic components of BVI noise
nL Number of lag terms
Pr Rotor power
p Nondim. surface pressure distribution
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Output weighting
Control input weighting
Blade radius
Laplace variable
Nondim. Laplace variable = sh=U
Sensitivity matrix
Time R
Reduced time = £ OtU( )d
Freestream velocity, time-dependent
Control input vector
Components of the local velocity at any point on the surface of the airfoil due to thickness,
camber, and angle of attack, respectively
Freestream velocity for the airfoil
Disturbance
Relation between the output and the disturbance
Relative weighting parameter
O set between the aerodynamic center and the elastic axis
Xea ZEA Longitudinal and vertical o sets between rotor hub and helicopter aerodynamic center
Xec;Zec Longitudinal and vertical o sets between rotor hub and helicopter center of gravity
Xib O set of the blade cross-sectional center of mass from the elastic axis
X Spanwise location of center of micro ap segment
z Output vector
Airfoil angle of attack
R Rotor shaft angle
P Blade precone angle
Flap de ection
NC. NS N/rev cosine and sine components of ap de ection
limit Saturation limit on ap de ection
Lock number
n Rational approximant poles
Helicopter advance ratio
Oscillation frequency
Nondim. normal velocity distribution
Rotor angular speed
LIS PR B Blade ap, lead-lag and torsional natural frequencies
Azimuth angle
Rotor solidity
w Built-in twist angle
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I. Introduction

Noise and vibrations are a major source of concern in the design and maintenance of helicopters. Vibra-
tions cause crew and passenger discomfort and reduce the airframe and component fatigue lives resulting
in high maintenance costs. High levels of blade-vortex interaction (BVI) noise are a primary hindrance
to the community acceptance of a civilian helicopter. During the last two decades, various active control
approaches, such as the higher harmonic control,” individual blade control (IBC),*~ actively controlled con-
ventional plain trailing-edge aps (ACF),{’ the active twist rotor (ATR),*° and the micro aps'{** have
been explored and shown to have potential for vibration and noise reduction in rotorcraft. Approaches such
as the IBC and the ATR which rely on de ecting or twisting the entire blade require high actuation power.
By contrast, the ACFs (depicted in Fig. 1) and the micro aps (depicted in Fig. 2) require signi cantly less
power for actuation. However, the actuation devices used to operate the ACFs have limited torque capacities
and hence are subject to amplitude saturation. Similarly for micro aps, the thickness of the airfoil imposes a
limitation on the size of the micro ap thus constraining the maximum de ection of the micro ap. Saturation
constraints introduce nonlinearities into a linear system, forcing the control-system to operate in a mode
for which it was not designed resulting in a signi cant degradation of its performance.”> Therefore, it is
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important to consider the e ects of actuator saturation in the various active control approaches.

0.6%c
0.3%c

R
5¢ 1.5%c

Figure 2. An oscillating micro ap cross-section.

The higher harmonic control (HHC) algorithm has been widely employed for closed-loop vibration and
noise reduction studies using the conventional trailing-edge aps™° ~“ -2 and more recently the micro aps.
These studies have shown that the vibration and noise reduction performance of the aps (or micro aps) is
best when implemented in a dual ap con guration. A good review of the HHC algorithm and its variants was
written by Johnson in Ref. 16. A detailed description of the algorithm, including robustness and stability
analyses, can be found in Ref. 15. However, the e ect of actuator saturation on the performance of the
HHC algorithm has received only limited attention. A preliminary investigation of the e ect of actuator
saturation on the vibration reduction capabilities of the HHC algorithm using a conventional plain ap
was considered in Ref. 17. Three di erent approaches for constraining the ap de ections involving an
a posteriori modi cation of the optimal control input obtained from the HHC algorithm were examined.
These approaches were denoted as 1) truncation (TR) - simply clipping the optimal ap de ection whenever
it exceeds the saturation limits, 2) scaling (SC) - uniformly scaling down the optimal ap de ection such that
it never exceeds the saturation limits, and 3) auto-weighting (AW) - consisting of an iterative adjustment of
the control weighting matrix in the HHC algorithm such that ap de ection is properly constrained. The
TR and SC approaches were inconsistent and produced only limited vibration reduction whereas the AW
approach produced excellent performance resulting in a 90% reduction of vibration. Despite its e ectiveness,
the AW approach has shortcomings. It uses an a priori guess of the upper bound on the optimal control
weighting, and requires several iterations to converge, thus increasing the computational cost. Furthermore,
for multiple aps (or micro aps), the control weighting on the multiple control surfaces is identical. Thus
control input is optimal only for one of the control surfaces leaving the others under-utilized. Using a di erent
control weighting for each of the di erent control surfaces implies signi cant increases in computational cost.

The shortcomings of the AW approach can be remedied by a new approach based on constrained non-
linear optimization developed in this paper. In this approach, actuator saturation constraints formulated as
inequality constraints on the control surface de ection are combined with the minimization of the quadratic
cost function in the HHC algorithm resulting in a constrained nonlinear optimization problem. Unlike the
approaches described in Ref. 17, this approach, denoted here as the optimization (OPT) approach, accounts
for the presence of saturation nonlinearities in an a priori manner involving direct modi cations to the
HHC algorithm. A similar approach to handling actuator saturation was proposed in Ref. 18 for vibration
reduction using a single trailing-edge ap. However, the performance of this approach that is particularly
e ective for con gurations involving multiple control surfaces was not considered.
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The overall objective of this paper is to examine the OPT approach in detail and compare it to the TR,
SC, and AW approaches. The speci ¢ objectives are:

1. Develop a computationally e cient approach to handling actuator saturation in the HHC algorithm,
that is suitable for multiple control surfaces, without compromising on the controller performance.

2. Compare the computational cost and performance of the various actuator saturation approaches for
reducing BVI noise and vibrations on a representative rotor con guration using the single and dual
con gurations of a 20%c conventional plain trailing-edge ap and a 1.5%c micro ap.

3. Compare the vibration reduction performance of the various saturation approaches at two di erent
ight conditions: (a) low-speed descending ight where vibrations are high due to blade-vortex inter-
action and (b) high-speed cruise condition.

Il. Description of the Aeroelastic Analysis Code

The comprehensive rotorcraft simulation code AVINOR (Active Vibration and Noise Reduction), which
has been extensively validated in earlier studies,” **”*<" is used for all the active vibration reduction studies
presented in this paper. A brief description of the various components of the code is provided next, for
additional details see Ref.

II.LA. Aerodynamic model

The blade/ ap and blade/micro ap sectional aerodynamic loads for attached ow are calculated using a ra-
tional function approximation (RFA) based nonlinear reduced order model constructed from CFD data.
This model provides unsteady lift, moment, as well as drag predictions for both plain ap and micro ap
con gurations. The CFD based RFA model is linked to a free wake model,”<” which produces a spanwise
and azimuthally varying in ow distribution. For separated ow regime, the aerodynamic loads are calculated
using the ONERA dynamic stall model.

11.B. Structural dynamic model

The structural dynamic model consists of a four-bladed hingeless rotor, having fully coupled ap-lag-torsional
dynamics for each blade. The structural dynamic model is geometrically nonlinear, due to moderate blade
de ections. The structural equations of motion are discretized using the global Galerkin method, based
upon the free vibration modes of the rotating blade. The dynamics of the blade are represented by three

ap, two lead-lag, and two torsional modes. Free vibration modes of the blade were obtained using the rst
nine exact non-rotating modes of a uniform cantilevered beam. The e ects of control surfaces such as the
trailing-edge plain ap or the micro ap on the structural properties of the blade were neglected. Thus, the
control surfaces in uence the blade behavior only through their e ect on the aerodynamic and inertial loads.

11.C. Coupled aeroelastic response/trim solution

The combined structural and aerodynamic equations are represented by a system of coupled ordinary dif-
ferential equations with periodic coe cients in state-variable form. The trim employed is a propulsive trim
procedure where three force equations (longitudinal, lateral, and vertical) and three moment equations (roll,
pitch, and yaw) corresponding to a helicopter in free ight are enforced. A simpli ed tail rotor model, based
on uniform in ow and blade element theory, is used. The six trim variables are the rotor shaft angle g,
the collective pitch ¢, the cyclic pitch 15 and 4, the tail rotor constant pitch o, and lateral roll angle

r- The coupled trim/aeroelastic equations are solved in time using the ODE solver DDEABM, which is a
predictor-corrector based Adams-Bashforth di erential system solver.

11.D. Acoustic model

The acoustic calculations are based on a modi ed version of the WOPWOP code, where helicopter noise is
obtained from the Ffowcs-Williams Hawkings equation with the quadrupole term neglected.”= The version of
WOPWOP used in the code was modi ed to account for a fully exible blade model that is compatible with
the structural dynamic model described earlier. In previous studies,” <° the chordwise pressure distribution
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on the surface of the blade, a required input to the acoustic computations, was obtained using an extended
RFA approach. The extended RFA approach used frequency domain pressure data obtained from the doublet
lattice ow solver, described in detail in Ref. 23. Generating the extended RFA models using CFD based
pressure distribution data is computationally expensive. To reduce the cost the blade pressure distributions
are obtained from an approximate velocity superposition method.”* Based on potential ow theory, the
pressure distribution on the surface of the airfoil is related to the local velocity distribution that is assumed
to result from three independent contributions:

- v Vv Va .
Cp= v v v ; €))

. .V oV v I e

where the velocity ratios —, v and —2 are contributions due to airfoil thickness, camber, and angle of
attack, respectively. The signs in Eq. 1 are positive for the upper surface and negative for the lower surface
of the airfoil. For the symmetric NACA 0012 airfoil used in the study, TV = 0, and the values of the other

two components are found from the approach described in Ref. 24. Since this approach is based on the
potential ow theory it is not quite compatible with the CFD based RFA model. However, it represents an
acceptable approximation because the lift coe cients from which the pressure distributions are obtained,
are based on the CFD+RFA model that accounts for compressibility, viscosity, and unsteady e ects.

I1l. The Higher Harmonic Control Algorithm

Active control of vibration and noise is implemented using the HHC algorithm used extensively for
active control of vibration and noise in rotorcraft.>*> The algorithm is based on the assumption that the
helicopter can be represented by a linear model relating the output of interest z to the control input u.
The measurement of the plant output and update of the control input are not performed continuously, but
rather at speci c times tx =k , where is the time interval between updates during which the plant output
reaches a steady state. In actual implementation of the algorithm, this time interval may be one or more
revolutions. A schematic of the HHC architecture as implemented on a helicopter is shown in Fig. 3. The

Plant F

Disturbance (w)

'

Sensitivi
Input (u) T
Updates at times t=kt

Output (z)

Controller

HHC

A

Figure 3. Higher harmonic control architecture

disturbance w is representative of the helicopter operating condition. The output vector at the k™ time
step is given by

zk = Tuk + Ww (2)
where the sensitivity T is given by
@z
T=—: 3
5 ©)
At the initial condition, k =0,
Zo = Tug + Ww: 4)
Subtracting Eq. (4) from Eqg. (2) to eliminate the unknown w yields
Zx =20+ T(uk Uo): (5)
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The controller is based on the minimization of a general quadratic cost function
J(zx; uk) = z} Qz + 2z Suy + u) Ruy: (6)

However, in most applications, the cross-weighting term in Eq. (6) is neglected and the cost function simpli es
to
J(2k; Uk) = 2 Qz + U Ruk: ©)

The optimal control input is determined from the requirement

03 (@i u) _ .

1 8
Quk ®
which yields the optimal control law U:qpt, given by
Ukopt = (TTQT +R) Y(TTQ)(zo Tuo): C)]
Combining Egs. (5), (7) and (9), the minimum cost is found to be
J(Zk Ukopt) = (20 Tug)" Q (QTD Y(TTQ) (z0 Tuo): (10)
where
D=T'QT+R (11)

This is a classical version of the hhc algorithm that yields an explicit relation for the optimal control input.
Another version of the HHC algorithm where the sensitivity matrix T is updated using least-squares methods
after every control update is known as the adaptive or recursive HHC and is discussed in Ref.

For a 4-bladed rotor, the control input uy is a combination of 2/rev, 3/rev, 4/rev, and 5/rev harmonic
amplitudes of the control surface de ection:

Uk = [ 2¢; 2s;%% s5¢; s8] (12)

The term ‘control surface’ refers to both the micro ap and the conventional plain trailing-edge ap. The
total control surface de ection is given by

X
(;uw)= [ ncCOS(N )+ nssin(N )]: (13)
N=2

where the quantities n¢ and s correspond to the cosine and sine components of the N/rev control input
harmonic. When multiple control surfaces are used, the control surface de ections are given by

X
i( ;u) = [ nciCos(N ) + nsisin(N )]; (14)
N=2
(15)
where i=1;:::;N and N is the total number of control surfaces. The control vector uy is then given by
Uk = [ 2¢1; 281355 5e1i 5s130105 20N 5 2sN 555 5eN 3 BN ] (16)

For vibration reduction (VR) studies, the output vector zy consists of 4/rev vibratory hub shears and
moments: 2 3
Fhxa

Fry 4

Frza
Zyr = (%))
v Muxa

Mhy a4
Muza
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The weighting matrix Q in the cost function (see Eq. 7) is a diagonal matrix, and, for vibration control,
is described by six weights corresponding to the three vibratory hub shears and the three vibratory hub
moments. Based on previous studies,” -+ the weights for the hub shears were assumed to be identical, and a
similar assumption was used for the weights of the hub moments. The weighting matrix used in this study
for vibration reduction, Q. is:

2 3
100 0 0 0
0100 0 O
001 0 0 O

Qr=8645 001 0 o (18)
000 0 10 O
000 0 0 10

For BVI noise reduction (NR) studies, the output vector consists of the 6t-17t" blade passage frequency
harmonic components of BVI noise (the most signi cant part of BVI noise), as measured by a microphone
installed at a suitable location. This location is usually on the skid or landing gear of the helicopter, and

2 3
NHos

NHo7
Znr = 8 NHos (19)

NH17

The noise control law is identical to the control law used for vibration reduction. The weighting matrix used

in this study for NR is: 2 3
1 0 0 0 ::: ::x 0
0 1 0 - = 0
0 1 0 =i 2 0
Qnr = : (20)
0 ::: o 0 1 0 O
0O ::: =:: 0 O 1 0
O ::: ::x 0 0 0 1

Note that all the components of the BVI noise are weighted equally.
For simultaneous vibration and noise reduction (SR) problems, a combined output vector is de ned by

" #
Zsr = i : (2]_)

an

where the vector zg, is simply a partitioned combination of the vibration and noise levels. The combined
weighting matrix Qs is de ned as
" #

0 1 W) [Qnr]

where W is a scalar factor used to adjust the relative weighting between noise and vibration as objectives
for the controller. When W = 1, the control e ort is focused on vibration reduction, and when W = 0,
only noise is reduced by the controller. During approach to landing, BVI noise is the main priority, while
vibration is the goal at cruise conditions. Therefore, in an actual implementation the weighting factor can
be adjusted by the controller depending on the desired outcome. The weighting matrices Q, and Qn, used

Qsr =
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for simultaneous noise and vibration reduction performed in this study are:

2 3
100 0 0 O
01 0 0 0 O
0010 0 0 O
Qr=845 0 0 10 0 0% (23)
00 0 0 10 O
00 0 0 0 10
and 2
100 0 0 O 0
0 100 0 O 0
0O 0 100 O 0
Qnr = (24)
0 0 100 0 O
0 0 0 100 O
0 0 0 0 100

I\VV. Actuator Saturation

Most actuation devices used for on blade control of rotorcraft vibrations and noise are subject to amplitude
saturation. Furthermore the actuation amplitudes have to be limited so as to avoid undesirable interactions
between the primary ight control system and the on blade controller. For a micro ap the maximum
de ection is constrained by its size, usually 1:5% of the chord. For a conventional trailing-edge ap the
maximum de ection is set to 4 . To study the e ects of saturation on the controller performance, four
di erent approaches to implementing actuator saturation in the HHC algorithm are considered: these are
truncation, scaling, auto-weighting, and optimization. In the truncation approach, the unconstrained optimal
control input is clipped whenever it exceeds the limiting amplitude, thus the control surface de ection is

( :uy); JCu)i < imit (25)

(su)= sgn( ( ;uK)  nimie J (U] timie

where |imit iS the saturation limit on the control surface de ection.
In the scaling approach, the control input is given by

limit
max(j opt( »Uk)i)

(u)= opt( ;Uk); (26)
where opt( ;uk) is the optimal control input obtained using the HHC algorithm without the saturation
constraints. Each harmonic component of the optimal control surface de ection is scaled by a common
factor such that the maximum de ection is equal to the saturation limit.

In the third approach denoted as auto-weighting the control weighting matrix, R in Eq. (7), is updated so
as to restrict the control surface de ection. The control weighting matrix R penalizes the control input and
thus can be used to constrain the maximum control surface de ection. However, the value of R required to
constrain the control input amplitude within the saturation limits is not known a priori. Hence, an iterative
approach which adjusts the value of R is used. The weighting matrix R is represented as:

R =cwl: 27)

where ¢y, is a scalar and | is the identity matrix. In this approach all harmonic components of the control
input vector are weighted equally. If the control surface de ection is overconstrained, the controller reduces
the value of c,y. If the control surface de ection is underconstrained, the controller increases the value of
cwu- A new optimal control is calculated using the updated value of ¢, obtained as follows:

1. Set c,,, =0 and c;,, = Cmax-
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2. Set cwu = 3(Cpy + Ciu)

3. Calculate a new optimal control input.
If the ap de ection is properly constrained (j maxj = I1imit 5%), end the algorithm.
If the ap de ection is underconstrained (j maxj = 1imit), Set Cy, = %(cWu +Cy,). Go to step 2.
If the ap de ection is overconstrained (j maxj < 1imit), Set Cyyy = 5Cwu + Cyu)- Go to step 2.

This iterative procedure increases or decreases cy, until the optimal control surface de ection converges
to the desired de ection limits within a prescribed tolerance. The value of cmax has to be estimated initially
and it has to be greater than or equal to the optimum value of ¢y, that properly constrains the control
input. Choosing a very large value for cmax is not recommended since depending on the proximity of cmax
to the optimum cy,,, the AW approach can take several iterations causing an increase in the computational
costs. Furthermore, for the case of multiple control surfaces, the number of iterations required for all of
them to be properly constrained can be quite high rendering the AW approach impractical. To avoid this
situation the same value of ¢y, is used for all the control surfaces.

A new approach for dealing with actuator saturation in the HHC algorithm is developed in this study.
This approach, based on constrained nonlinear optimization techniques, overcomes the limitations associated
with the previous approaches. Recall that the HHC algorithm is based on the minimization of a quadratic
cost function, given by Eq. (7). The saturation limits can be combined with the minimization of the cost
function to yield a constrained optimization problem:

minlimize J(zk; k) = 2} Qzk + U Ru; (28)
k
subjectto  ji( ;Ui  imit; 1=17105N (29)

where N is the total number of control surfaces. The optimization problem given by Eqgs. (28) and (29) is
a nonlinear constrained optimization problem with a quadratic objective function and nonlinear inequality
constraints, and represents a Nonlinear Programming (NP) problem. Unlike the approaches described earlier,
this saturation approach involves direct modi cations to the HHC algorithm to account for the presence of
saturation in an a priori manner. The resulting optimal control input always satis es the saturation limits
irrespective of the values of R and Q.

A NP method, Sequential Quadratic Programming (SQP),~> “° available in the FMINCON tool in MAT-
LAB, is used to solve the optimization problem given by Egs. (28) and (29). The SQP method solves a
quadratic programming subproblem based on a quadratic approximation of the Lagrangian function. A
stand-alone application (a .exe le) capable of performing the optimization is generated using the mcc -m
command in Matlab. Subsequently, this application is invoked from the AVINOR code, written in FOR-
TRAN, in order to evaluate the optimum uy. The stand-alone application requires approximately 1 sec to
run on a 2.53 GHz Intel Xeon processor in the case of a single control surface. Note that the nonlinear
constraints described in Eq. (29) have to be satis ed for all values of the azimuth angle 2 [0 360 ]. In
actual numerical implementation, the nonlinear constraints are evaluated and enforced at every integer value
of over the range [0 360 ].

V. Results and Discussion

The results presented in this section are obtained for a helicopter con guration resembling a four-bladed
MBB BO-105 hingeless rotor. The rotor parameters are listed in Table 1. All the values in the table (except
Cw; ;and ) have been non-dimensionalized using My; Ly, and 1= for mass, length and time, respectively.
The mass and sti ness distributions are assumed to be constant along the span of the blade.

The vibratory hub shears and moments are obtained from the integration of the distributed inertial and
aerodynamic loads over the entire blade span in the rotating frame. Subsequently, the loads are transformed
to the hub- xed non-rotating system, and the contributions from the individual blades are combined. In this
process, the blades are assumed to be identical. Reduction is performed on the Ny/rev components, which
are the dominant components, of the hub shears and moments.

For noise reduction studies, the acoustic environment in the vicinity of the helicopter is characterized by
the noise decibel levels computed on a carpet plane located 1.15R beneath the rotor, as depicted in Fig. 4.
Noise measured by a microphone placed on the right landing skid at the rear is used as the feedback signal
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to the controller. The sharp trailing edge con guration, shown in Fig. 2, was chosen for the micro ap. The
micro ap, 1.5%c in height, slides in and out of a cavity, located at 6%c from the sharp trailing edge of the
airfoil. Two di erent con gurations of micro aps on the rotor blade are considered in this study. The rst

Table 1. Rotor parameters used for the computations.

Dimensional Rotor Data

R=491m
My = 27:35 kg

= 425 RPM
Nondimensional Main Rotor Data
N, =4 ¢ = 0:05498R
L, =10 e=0
Xa=0 p =25
Xipb=0 Xip =0
Img2 =0 Imesz = 0:0004
El =0:0302 El =0:0105
GJp = 0:0015 1., =1:124
-, =3:404 -3 =7:606
1,,=0:732 1, =4:458
1, =3170 11, =29:079

=55 = 0:07
w= 8
Nondimensional Tail Rotor Data
Xe=1:20 Z:=0
Helicopter Data
Cw = 0.005 fCyr = 0.031
Xea =00 Zea =03
Xgc =00 Zec =0:3

con guration, shown in Figure 5(a), has a single micro ap with 0.12R spanwise length centered at 0.75R. The

second con guration, shown in Figure 5(b), has two micro aps each with 0.06R spanwise length centered at

0.72R and 0.92R, respectively. Active control studies were also conducted using a 20%c conventional plain
ap, shown in Fig. 1. The spanwise ap con gurations considered are shown in Fig. 6.

V.A. Low-speed results

Various saturation approaches described earlier are compared in terms of their vibration, noise, and also
simultaneous vibration and noise reduction capabilities at a heavy BVI descending ight condition with
advance ratio = 0:15 and descent angle p = 6:5 . Vibration reduction results are presented rst.
The non-dimensional 4/rev vibratory hub shears and moments obtained during active vibration reduction
using the four di erent saturation approaches for the single plain ap con guration are compared to the
baseline (no active control) vibration levels in Fig. 7. The TR approach yields only a 5% reduction in the
vibration objective while causing some of the vibratory hub loads to increase from the baseline levels. The
SC approach yields a 38% reduction in the vibration objective. The AW and OPT approaches yield similar
performance yielding 76% and 78% reduction in the vibration objective, respectively. However, the OPT
approach takes only 10 control updates (80 rotor revolutions) to converge compared to over 100 control
updates (800 rotor revolutions) taken by the AW approach. The ap de ection histories over one complete
rotor revolution corresponding to the various saturation approaches are shown in Fig. 8. The ap de ection
histories corresponding to the AW and OPT approaches show similarities in the azimuthal locations of the
peaks and troughs. However, the maximum ap de ection obtained using the OPT approach is closer to
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Onboard Microphones
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Figure 4. Microphone locations on and around the helicopter for noise measurements.
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Figure 5. Single and dual spanwise con gurations of the micro ap on the rotor blade
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(a) Single plain ap
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(b) Dual plain ap

Figure 6. Single and dual spanwise con gurations of the 20%c plain ap on the rotor blade
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the saturation limit thus utilizing the ap to the maximum possible degree. This results from the fact that
a small tolerance, typically of the order of 10 ©, is used on the constraint violation in the OPT approach.

?: 0.003 1 Plain flap, p=0.15

o D Baseline

S 0.0025 E Truncation

<

> 7 Scaling

o

& 0.002 Auto-weighting

o

S E Optimization

§ 0.0015 Sl

= Q

< .

g 0.001 =

Kel ce

) e

] :

£ 0.0005 3

T

5 : : 3 Bz
= Long. shear Lat.shear  Vert.shear  Rolling Pitching Yawing

Figure 7. Reduction in 4/rev vibratory hub shears and moments obtained using the various saturation approaches for
the single plain ap con guration at a heavy BVI descending ight condition with = 0:15.

The 4/rev vibratory hub loads obtained during active vibration reduction using the dual plain ap
con guration are compared to the baseline levels in Fig. 9. The TR and SC approaches yield 81% and
57% reduction in the vibration objective, respectively. The AW approach yields 95% reduction whereas the
OPT approach yields the best performance with a 98% reduction in the vibration objective. Signi cantly
better performance obtained using the OPT approach is apparent in the vertical shear component. The
inboard and outboard ap de ection histories corresponding to the various saturation approaches are shown
in Fig. 10. In the AW approach, the maximum de ection of the inboard ap is signi cantly less than the
saturation limit. This under-utilization of one of the aps is primarily a result of the fact that the same
control weighting (cwy in Eq. (27)) is used for both the aps. Using a di erent control weighting for the
two micro aps results in a signi cant increase in the computational time. By contrast, the two aps are
optimized individually in the OPT approach as is evident from the constraint inequalities in Eq. (29). Thus,
the maximum de ection of both the aps is equal to the saturation limit within the tolerance limits. This
feature of the OPT approach facilitates the use of both the aps to the maximum possible extent resulting in
a better vibration reduction performance.

Similar comparisons are also performed for the single and dual micro ap con gurations. The 4/rev
vibratory hub loads obtained using the various saturation approaches for a single micro ap con guration
are compared to the baseline levels in Fig. 11. The TR approach yields a 64% reduction in the vibration
objective whereas the SC approach yields no signi cant reduction. The AW and OPT approaches yield
similar performance with 71% and 70% reductions in the vibration objective, respectively. The micro ap
de ection histories corresponding to the various approaches are shown in Fig. 12 for one complete rotor
revolution. The ap de ection histories obtained from the SC, AW, and OPT approaches show similarities
in the azimuthal locations of the peaks and troughs.

The 4/rev vibratory hub loads obtained using the various saturation approaches for the dual micro ap
con guration are compared in Fig. 13. The TR and SC approaches yield marginal performance with 13% and
11% reductions in the vibration objective, respectively. The AW approach reduces the vibration objective by
88% whereas the OPT approach yields the best performance with 97% reduction in the vibration objective.
The inboard and outboard micro ap de ection histories corresponding to the various saturation approaches
are shown in Fig. 14. As in the case of the plain aps, the AW approach under-utilizes the inboard control
surface whereas the OPT approach utilizes both the control surfaces to the fullest possible extent resulting
in a signi cantly better vibration reduction performance.

The di erent saturation approaches are also compared in terms of their BVI noise reduction capabilities
using the dual micro ap con guration. Noise levels computed on the carpet plane (depicted in Fig. 4) during
active noise reduction using the di erent saturation approaches are compared to the baseline noise levels in
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Figure 8. Single plain ap de ection histories corresponding to the various saturation approaches at a heavy BVI
descending ight condition with = 0:15.
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Figure 9. Reduction in 4/rev vibratory hub shears and moments obtained using the various saturation approaches for
the dual plain ap con guration at a heavy BVI descending ight condition with = 0:15.
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Figure 10. Dual plain ap de ection histories corresponding to the various saturation approaches at a heavy BVI
descending ight condition with = 0:15.
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Figure 11. Reduction in 4/rev vibratory hub shears and moments obtained using the various saturation approaches
for the single micro ap con guration at a heavy BVI descending ight condition with = 0:15.
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Figure 12. Single micro ap de ection histories corresponding to the various saturation approaches at a heavy BVI
descending ight condition with = 0:15.
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Figure 13. Reduction in 4/rev vibratory hub shears and moments obtained using the various saturation approaches
for the dual micro ap con guration at a heavy BVI descending ight condition with = 0:15.
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Figure 14. Dual micro ap de ection histories corresponding to the various saturation approaches at a heavy BVI
descending ight condition with = 0:15.

16 of 27

American Institute of Aeronautics and Astronautics



Fig. 15. The TR and SC approaches yield similar performance with approximately 1 dB noise reduction on
the advancing side and up to 2 dB reduction on the retreating side of the rotor disk. By contrast, the AW
and OPT approaches yield signi cantly better performance with a 4-5 dB noise reduction on the advancing
side and a 3-4 dB reduction on the retreating side of the rotor disk. The inboard and outboard micro ap
de ection histories corresponding to the various saturation approaches are shown in Fig. 16.
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Figure 15. Reduction in noise levels obtained using the various saturation approaches for the dual micro ap con gu-
ration at a heavy BVI descending ight condition with = 0:15.

The di erent saturation approaches are also compared in terms of their simultaneous BVI noise and
vibration reduction capabilities using the dual micro ap con guration. For the simulations performed using
the dual micro ap con guration, the relative weighting factor W = 0:6 is chosen as it yields an optimal
reduction in the vertical hub shear and the feedback microphone noise levels. The noise levels computed
on the carpet plane during simultaneous reduction using the di erent saturation approaches are compared
to the baseline noise levels in Fig. 17. The TR approach reduces the noise levels by 1 dB on both the
advancing and retreating sides of the rotor disk. The SC, AW, and the OPT approaches yield similar
performance with 2 dB noise reduction on both the advancing and retreating sides. The 4/rev vibratory
hub loads obtained during simultaneous reduction using the various saturation approaches are compared to
the baseline levels in Fig. 18. The TR and SC approaches result in a 29% and 9% increase in the vibration
objective, respectively. The AW approach yields 23% reduction whereas the OPT approach yields a 29%
reduction in the vibration objective. Signi cantly better performance obtained using the AW and OPT
approaches is apparent in the vertical hub shear component. The TR and SC approaches reduce the vertical
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Figure 16. Dual micro ap de ection histories corresponding to the various saturation approaches during active noise
reduction at a heavy BVI descending ight condition with = 0:15.
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hub shear by 3% and 10%, respectively, whereas, the AW and OPT approaches reduce the vertical hub shear
by 34% and 37%, respectively. Overall, the AW and OPT approaches yield similar simultaneous BVI noise
and vibration reduction performance. However, the OPT approach requires signi cantly less computational
time to converge taking only 10 control updates (80 rotor revolutions) compared to over 100 control updates
(800 rotor revolutions) taken by the AW approach. The inboard and outboard micro ap de ection histories
corresponding to the various saturation approaches are shown in Fig. 19. In the AW approach, the maximum
de ection of the inboard micro ap is less than the saturation limit.
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Figure 17. Reduction in noise levels obtained during simultaneous BVI noise and vibration reduction using the various
saturation approaches for the dual micro ap con guration at a heavy BVI descending ight condition with = 0:15.

V.B. High-speed Results

In this section, the vibration reduction performance of the various saturation approaches is compared at a
high speed level ight condition with = 0:3. The 4/rev vibratory hub loads obtained using the various
saturation approaches for the single plain ap con guration are compared to the baseline levels in Fig. 20. The
TR and SC approaches yield 82% and 71% reduction in the vibration objective, respectively. Comparatively,
the AW and OPT approaches yield signi cantly better performance reducing the vibration objective by 93%
and 97%, respectively. The de ection time histories corresponding to the various saturation approaches over
one rotor revolution are shown in Fig. 21. A relatively good performance obtained from the TR approach
can be attributed to the fact that only a small portion of the ap de ection shown in Fig. 21(a) is being
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Figure 18. Reduction in 4/rev vibratory hub shears and moments obtained during simultaneous BVI noise and vibration
reduction using the various saturation approaches for the dual micro ap con guration at a heavy BVI descending ight
condition with = 0:15.
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Figure 19. Dual micro ap de ection histories corresponding to the various saturation approaches at a heavy BVI
descending ight condition with = 0:15.
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truncated. The apde ection histories corresponding to the SC, AW, and OPT approaches show a qualitative
resemblance with similar azimuthal locations for the peaks and troughs.
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Figure 20. Reduction in 4/rev vibratory hub shears and moments obtained using the various saturation approaches
for the single plain ap con guration at a high-speed ight condition with = 0:3.

Vibratory hub loads obtained using the various saturation approaches for the dual plain ap con guration
are shown in Fig. 22. The TR approach causes an increase in the longitudinal and lateral shears and yields
no signi cant reduction in the vibration objective. The SC approach reduces the vibration objective by 62%
whereas the AW and the OPT approaches yield exceptional performance with 95% and 99% reductions in
the vibration objective, respectively. The inboard and outboard ap de ection time histories corresponding
to the various approaches are shown in Fig. 23. In the TR approach, signi cant portions of the inboard
and outboard ap de ections are truncated, as shown in Fig. 23(a), resulting in its poor performance. The
outboard ap is signi cantly under-utilized by the AW approach whereas the OPT approach utilizes both
the aps to the maximum possible extent.

Similar comparisons are also performed using single and dual micro ap con gurations. The 4/rev vi-
bratory hub loads for the various saturation approaches are compared in Fig. 24 for the single micro ap
con guration. The TR approach reduces the vibration objective by 38%. The SC approach causes a sig-
ni cant increase in the vertical hub shear resulting in a 5% increase in the vibration objective. The AW
and OPT approaches yield 91% and 94% reductions in the vibration objective, respectively. The micro ap
de ection time histories corresponding to the various saturation approaches are shown in Fig. 25 for one
complete rotor revolution. The micro ap de ection histories corresponding to the AW and OPT approaches
exhibit similarity in the overall shape.

Vibratory hub loads obtained from the di erent saturation approaches for the dual micro ap con guration
are shown in Fig. 26. The TR and SC approaches yield 25% and 28% reductions in the vibration objective,
respectively. However, both of them cause a small increase in the vertical hub shear. The AW and the
OPT approaches yield exceptional performance with 94% and 98% reductions in the vibration objective,
respectively. The micro ap de ection histories corresponding to the various saturation approaches are shown
in Fig. 27. The AW approach signi cantly under-utilizes the outboard micro ap whereas the OPT approach
utilizes both micro aps to the maximum possible extent.

VI. Summary and Conclusions

The e ect of actuator saturation on the active vibration and noise reduction performance of the con-
ventional trailing-edge plain aps and the micro aps is examined. A new approach to handling actuator
saturation in the HHC algorithm based on constrained nonlinear optimization techniques is developed. Vi-
bration reduction performance of this approach is compared to the existing approaches at various ight
conditions. Noise reduction and simultaneous vibration and noise reduction performance of the various
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Figure 21. Single plain ap de ection histories corresponding to the various saturation approaches at a high-speed
ight condition with = 0:3.
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Figure 22. Reduction in 4/rev vibratory hub shears and moments obtained using the various saturation approaches
for the dual plain ap con guration at a high-speed ight condition with = 0:3.
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Figure 25. Single micro ap de ection histories corresponding to the various saturation approaches at a high-speed
ight condition with = 0:3.
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Figure 26. Reduction in 4/rev vibratory hub shears and moments obtained using the various saturation approaches
for the dual micro ap con guration at a high-speed ight condition with = 0:3.
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Figure 27. Dual micro ap de ection histories corresponding to the various saturation approaches at a high-speed ight
condition with = 0:3.
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approaches is compared at a heavy BVI low-speed descending ight condition. The principal ndings and
conclusions of the study are summarized below.

1. The truncation and scaling approaches are inconsistent and yield only limited vibration or noise reduc-
tion using plain trailing-edge aps or micro aps. By comparison, the auto-weighting and optimization
approaches show very good performance.

2. In the case of multiple control surfaces, the optimization approach utilizes all of them to the maximum
possible extent producing signi cantly better vibration reduction performance. In the auto-weighting
approach, the weighting on the control inputs corresponding to the various control surfaces is identical.
This results in an optimal control input only for one of the control surfaces leaving the others under-
utilized. In the optimization approach, the de ections corresponding to the various control surfaces are
optimized independently and hence are utilized to the maximum possible extent resulting in a better
vibration reduction performance.

3. The optimization approach takes signi cantly less computational time compared to the auto-weighting
approach. This is primarily because the auto-weighting approach relies on an a priori guess of the
upper bound of the optimal control weighting and involves iteratively adjusting the weighting matrix
R until a control input satisfying the saturation constraints is obtained.

Thus the optimization based approach is the best option for handling actuator saturation constraints in
the HHC algorithm during on-blade vibration and noise reduction using aps and micro aps, especially for
the case of multiple control surfaces.
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