ﬁ Summary 30th European

! Rotorcraft Forum

Vibration Reduction In Rotorcraft Using Actively Controlled
Flaps - Their Evolution and Potential for Improving Rotorcraft
Technology

Peretz P. Friedmann
Franmis-Xavier Bagnoud Professor of Aerospace Engineering
peretzf@umich.edu
Department of Aerospace Engineering
University of Michigan, Ann Arbor, Michigan 48109-2140

Abstract

This paper describes research on actively controlled partial span trailing edge flaps used for vibration reduction

in rotorcraft. It traces the evolution of this concept and describes the basic features of aeroelastic simulation
codes needed for predicting the performance of actively controlled flaps. Validation of a simulation code is also
presented by comparing the results obtained with experimental data. The vibration reduction potential of this
effective vibration control approach is illustrated by several examples. Full scale implementations of this approach
being pursued in both the US and Europe are also discussed. Recent research has also demonstrated that the
actively controlled flap has considerable potential for noise reduction. Simultaneous noise and vibration reduction
has been also shown in simulation. Therefore actively controlled flaps have a remarkable potential for improving
rotorcraft technology.

Introduction and Objectives rience the same input, and the vibratory aerodynamic
loads are modified at their source, in the rotor, before

One of the primary concerns in rotorcraft design they propagate into the fuselage. Details on this ap-
is the issue of vibrations experienced in the fuselage Proach can be found in Refs. [1] and [2]. The first op-
and its reduction. High levels of vibration may lead €rational HHC system was flight tested on an OH-6A
to passenger discomfort, fatigue of helicopter compo- helicopter in 1983-84 3], and very good vibration re-
nents, reduced effectiveness of weapon systems andluction was demonstrated in the closed loop mode up
increased noise and cost. The largest contributor to vi- {0 @irspeeds of 100 knots. Flight tests of an experimen-
brations in a helicopter is the rotor. Initially, passive @l HHC system on a SA349 Gazelle were also con-
control approaches consisting of vibration absorbers ducted in France in 1985 [4] using the same HHC con-
and isolators were used for vibration reduction. How- trol @lgorithm [1-3] and a reduction of 80% in cabin
ever, stringent requirements for low vibration levels Vibrationswas demonstrated atan airspeed of 250 kmph.
(less than 0.05g) imposed during the last 25 years havelt is important to note that despite the demonstrated

led to the development of active approaches to vibra- feasibility of the HHC approach and its relative matu-
tion reduction. rity, this technology has not been implemented on an

] actual production helicopter. There are several reasons
A careful comparison of some of the approaches devel- o this situation: (1) limitation of the approach due to
oped for vibration control, in pursuit of the objective of 1o requirement to provide the same pitch input to all
gchieving a “_jet smooth” rid_e in rotary wing vehicles ihe blades, (2) the high cost of implementing the ap-
is presented in Ref. [1]. During the last 25 years, three yr5ach on a production helicopter, due to the fact that
basic approaches to active vibration control in rotor- pitch angles are introduced through the primary con-
craft have emerged [1]. The first approach developed {,q) system, i.e. the swashplate, and (3) higher power

was higher harmonic control (HHC). In this approach, requirements when using this approach on hingeless or
pitch inputs are introduced through the conventional bearingless rotors [5].
swashplate in the hub fixed system. All blades expe-

A more promising alternative is individual blade con-
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proach can be implemented using three different tech- approach on a particular rotor system is not currently
nigues: under consideration.

) ] o Finally, it is important to note that in addition to the
(@) One can oscillate the entire blade in pitch by ac- yemonstrated capability of the IBC approach to re-
tuating it at the root; this approach was used in g,ce vibratory loads, it also has considerable poten-
the earliest implementation of the IBC method- ) for noise reduction and performance enhancement.
ology [1]. For convenience, this implementa- A the active control approaches described above con-
tion will be denoted as classical IBC (CIBC) ap- ) yibrations in the rotating frame, i.e. the rotor, and
proach. attempt to reduce the vibration at their source before

(b) Alternatively, one or more partial span trailing €Y Propagate into the fuselage.
edge flaps, shown in Fig. 1, can be actuated A third, alternative, approach to vibration control known
on the blade, this approach is often called the as active control of structural response (ACSR) is aimed
actively controlled flap (ACF) [1,6]. The ACF  at controlling vibrations in the fuselage or the fixed
approach can be implemented in single or dual frame as illustrated in Fig. 3. In this approach, stiff ac-
flap configurations. Since each flap can be indi- tuators introduce small amplitude excitation between
vidually controlled in the rotating system, thisis  the rotor and the fuselage, such that the sum of the
simply another version of the IBC approach. response of the airframe at specified locations, due to
rotor loads and the excitation due to controls, is re-
duced to a minimum. Itis important to note that among
various active approaches, only the ACSR system has
been actually installed on a production helicopter, the
matically in Fig. 2, was developed jointly by EH101, built by an European partnership between West-

land and Al ta[l11,12].

MIT, the Army and NASA Langley Research and Augusta [ |

Center [7,8]. From this literature review, it is evident that among the
various active control approaches, IBC implemented

All three implementations of the IBC approach have Usingthe single ordual flap configuration appears to be
proven themselves to be quite effective in reducing vi- the most promising concept. Its characteristics, meth-
brations. However, the level of maturity for each dif- 0ds of actuation and implementation on actual full-
fers and the potential for practical implementation on a Scale rotorcraft have been and are currently studied.
production helicopter is also quite different. The con- The remarkable potential of the ACF for vibration re-
ventional IBC approach is quite mature. It has been duction immediately raises the question whether such
tested on a full scale MBB BO-105 rotor both in the @ System could be also used for noise reduction and
wind tunnel [9] as well as in flight [10]. The pri- performance enhancement. Recent studies [13-15] have
mary difficulty with this approach is the mechanical clearly shown the potential of the ACF system to pro-
complexity of the system [9, 10] and the fact that its duce noise reduction as well as simultaneous noise and
best imp|ementation may require the rep|acement of vibration reduction. Combining noise and vibration re-
the conventional swashplate by an “electronic” coun- duction with performance enhancement could produce
terpart. Again, these two factors combine to increase & Significant improvement in rotorcraft technology.

the cost of the system beyond a level that is considered  Thijs paper has several objectives listed below:

to be currently economically viable.

The ACF has been studied extensively, using aeroelas- 1. Present a concise chronological description of
tic simulations, and it has been tested on scaled rotors the evolution of the ACF technology.

in the wind tunnel. A full-scale wind tunnel test of
the system is imminent, as will be shown later in the
paper. The primary advantage of the ACF compared
to the other approaches is due to several factors [1]:

(c) A third implementation twists the entire blade
by embedding piezoelectric fibers, this approach
is known as the Active Twist Rotor (ATR). The
blade structure for this configuration, shown sche-

2. Summarize the essential features of the aeroe-
lastic simulation code developed by the author
and his students.

(1) significantly lower power consumption for actua- 3. Describe the experimental data available that is
tion than either CIBC or ATR, (2) relative simplicity suitable for validation studies, and describe some
of implementation, and (3) airworthiness issues, since important results.

the flaps are independent of the primary control system . . . o
(i.e. the swashplate), their malfunction will not affect 4. Address issues associated with practical imple-
the helicopter’s airworthiness. mentation of the ACF approach.

The ATR implementation is the least mature. It has 5. Describe briefly the noise reduction capability
been simulated and tested in the wind tunnel on a scaled of the ACF system.
rotor. However, the full-scale implementation of this
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Evolution of ACF Concept of new and improved models based on a compress-
ible time domain unsteady aerodynamic model. This
The ACF approach was inspired by the early re- simulation ca_lpabili_ty cogld acc_:ommodate three dif_fer-
search conducted by Lemnios and Smith [16] who used e.nt fla_mp conflgu_ratlons, !ncludlng d.uaI flaps. Detailed
a servo flap, which is a primary control device on Ka- V|brat|o_n reduction studies from this model were pre-
man helicopters, to study the characteristics of a tor- Sénted in Refs. [23-27].
sionally soft controllable twist rotor (CTR). Using a Subsequently, this model was improved by adding a
combination of collective and cyclically varying twist ~ free wake model to the time domain unsteady com-
distribution on the blade, they demonstrated a consid- pressible theory [27-30]. The resulting comprehensive
erable increase in performance and a 30% decrease isimulation model facilitated the examination of two
blade-bending amplitudes. However, they did not con- distinctly different flight regimes in which vibrations
sider the use of the servo flap, as a means for vibrationare reduced using the ACF: a high speed flight regime,
control. where advance ratio effects are dominant and the in-

The concept of the ACF for vibration reduction has fluénce of the free wake is limited, and low or mod-
been first studied by Millott and Friedmann [17-19] erate advance ratio regime where blade vortex interac-

who have demonstrated the feasibility of the ACF for tions (BVI) are important. These studies have clearly
vibration reduction using aeroelastic simulation. Span- démonstrated that vibration reduction at low advance
gler and Hall [20] studied the piezoelectric actuation atios ( = 0.15) is a more demanding control task,
for the ACF as a potential vibration reduction device. du€ t0 the presence of BV, than vibration reduction
However, the actual vibration reduction capability of &t high speeds g = 0.30 or higher. An early exper-

the device in a rotary wing environment was not con- imental study aimed at determining the feasibility of
sidered in Ref. [20]. the ACF concept was conducted at the NASA Lang-

ley 14x 22 ft subsonic wind tunnel by Straub [31] and
The first aeroelastic simulation model of an ACF for pawson et al [32]. This was an open loop test where
vibration reduction was developed in the pioneering fjap inputs were limited to single-frequency, fixed am-
studies by Millott and Friedmann and was used to demopjityde 3/rev and 5/rev inputs. Large changes in indi-
strate the effectiveness of the ACF as a vibration re- yjqya| components of the vibratory response were ob-
duction device [17-19]. Millott and Friedmann used tained. However, this single frequency control based
a coupled flap-lag-torsional isotropic blade model, in- 4, 5 fixed amplitude input did not produce multicom-
cluding geometric nonlinearities due to moderate de- ponent vibration reduction. Much more valuable and
flections. Modified quasisteady Theodoresen theory fndgamental experimental results on the practical im-
was used to represent the aerodynamic loads for thepiementation of the ACF and its application to vibra-
blade/trailing edge flap combination. Using a simple tjon reduction in the open loop mode, on a Mach scaled
controller similar to that employed in HHC vibration 14 pladed hingeless rotor, were obtained by Fulton
reduction studies [1], controlled vibration levels com- gng Ormiston [33]. The tests were conducted in the
parable to the HHC and conventional IBC methods ames 710 ft wind tunnel, on a 7.5 ft rotor with a 3.4”
were obtained. Furthermore, it was shown that the chord, with a single flap on each blade centered at 75%
power requirements of the ACF are approximately an snan. The plain flap had a chord equal to 10% blade
order of magnitude smaller than those for conventional chorg, and the maximum flap deflections obtained by
IBC. a piezoelectric bimorph type actuator were approxi-
Following this ground-breaking work, other researchersmately Sat an advance ratio of 0.20. The experimental
have also investigated the effectiveness of the ACF asresults obtained in these tests were compared with the
a means of vibration reduction. Milgram and Chopra €xperimental simulation described in Ref. [29], and
[21,22] have developed an aeroelastic model using thethe correlation with the experimental data was found
University of Maryland’s comprehensive rotor analy- to be quite good, in most cases.
sis code UMARC. Finite elements were used to model one jmportant issue associated with the implementa-
the structural dynamic properties of the blade. An un- tjon of ACF systems to the vibration reduction prob-
steady, compressible flow aerodynamic model devel- |em involves saturation. Saturation can be due to lim-
oped by L-eishmann combined with a free wake model jtations associated with piezoelectric actuation which
was used to model the airloads. Experimental results cap provide flap deflections of dr less. Alternatively,
from wind tunnel tests of the ACF were also presented \yhen |arger flap deflections are possible, for practical
[22], the purpose of these early studies was to demon-re450ns; it is desirable to limit flap authority to 3-4 de-
strate the feasibility and effectiveness of this new ap- grees, so as to avoid interfering with the handling qual-
proach to vibration control. ities of the helicopter. An effective way of limiting sat-
The need for an improved aeroelastic simulation model uration without loss of control effectiveness has been
for the flap-blade combination led to the development presented by Cribbs and Friedmann [34].
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Two additional studies [35, 36] have considered the ca- for ACF systems were also carried out. A detailed
pability of single and dual ACF systems to alleviate survey paper by Chopra [43] reviews in detail many
vibrations due to dynamic stall at high advance ratios. studies that have attempted to combine piezoelectric
Furthermore, the effect of freeplay on the vibration re- actuation with trailing edge flaps for vibration reduc-
duction effectiveness of the ACF was also studied in tion. Other studies have also considered magnetostric-
Ref. [36]. The effect of dynamic stall was incorporated tive actuation for the flap [44].

in the simulation [35] by using the ONERA dynamic
stall model and combining it with the unsteady aerody-
namics, described in Refs. [26] and [29]. Another im-

Currently, full scale wind tunnel tests and flight tests of
ACF systems are imminent and will be described later

portant ingredient added in this study was the drag due inthis paper.

to the flap deflection [35]. Using a conventional con-

trol algorithm, employed in most HHC and IBC stud- . .
ies, it was shown that the ACF flap is very successful Essential Features of the Aeroelastic
in alleviating vibrations due to dynamic stall [35]. Simulation Codes

An experimental demonstration on the feasibility of o ) ) )
using piezoelectrically actuated flaps for vibration re- A€roelastic simulation codes capable of modeling vi-
duction in forward flight was conducted by Koratkar Pration reduction due to an ACF system have to be
and Chopra [37,38]. The rotor was tested in the Uni- duite refined in order to provide the level of accuracy
versity of Maryland wind tunnel. It was a four bladed required for correlation with experimental data. Fur-
Mach scaled bearingless rotor resembling a Bell-412, thermore, correlation with experimental data is a nec-
the scale was approximately 1/7th of full scale. The €Ssary requirement for code validation. Such codes
flaps were actuated by piezoelectric benders. Whenusually combine the aeroelastic response analysis avail-
operating in the closed loop mode, a neural network aPI€ inamodern comprehensive rotorcraft analysis code
controller was used. Reference [37] describes primar- With & control algorithm that is employed in the vibra-

ily hover and open loop tests, while Ref. [38] de- tion reduction process. The description of the simula-
scribes the closed loop tests in forward flight. The tion capability provided in this paper follows the code
largest flap deflections reco-rded were in the range of developed by the author and his associates. Other sim-
4° < |8 < 6° for components introduced with fre-  ulation codes have very similar ingredients.

quency of 1, 2, 3, 4, and 5/rev. With this control au-
thority, 70-90% reduction in the vibratory loads was
obtained in the advance ratio ofl® < uy < 0.30 for
relatively low thrust coefficient. Comparisons between
the experimental data and computer simulation were
not presented in the paper.

Aeroelastic Response M odel

Structural Dynamic ModeT he structural dynamic model
resembles that described in Ref. [19]. The rotor is as-
sumed to be composed of four identical blades, con-
Numerous other studies on vibration reduction using nected to a fixed hub, and it is operating at a constant
actively controlled flaps were carried out. Paramet- angular velocityQ. The hingeless blade is modeled by
ric design issues were considered in Ref. [39]. Using an elastic beam cantilevered at an oftstom the axis

an early version of the Maryland comprehensive anal- of rotation, as shown in Fig. 4. The blade has fully
ysis code UMARC. A partially successful attempt to coupled flap, lead-lag, and torsional dynamics. The
correlate with the experimental data obtained in Refs. strains within the blade are assumed to be small and
[31] and [32] is described in Ref. [22]. Straub and the deflections to be moderate. The inertia loads are
his coworkers [40] have simulated vibration reduction optained from D’Alembert’s principle and an ordering

by an ACF system using the comprehensive analysisscheme is used to simplify the equations.
code CA-MRAD Il [41]. These studies were in sup-

port of the development of a full scale rotor test with
piezoelectrically actuated flaps.

The control surfaces are assumed to be an integral part
of the blade, attached at a number of spanwise stations.
It is assumed that the control surfaces do not modify
Other, recent, studies have addressed the issue of inthe structural properties of the blade, only the inertia
dividual blade control of a helicopter with dissimilar and aerodynamic loads due to the f|aps are accounted
rotor blades. The blade control is implemented using for. The control surface is constrained to pure rotation
a conventional HHC algorithm coupled with a refined in the plane of the blade cross-section.

Kalman filter approach. Actuation is implemented by
piezoelectrically driven trailing edge flaps. The con-
troller was shown to reduce successfully the vibratory
hub loads due to blade dissimilarities [42].

Aerodynamic Model for Attached Flowlade section
aerodynamic loads are calculated using a rational func-
tion approximation (RFA) approach described by Myr-
tle and Friedmann [26]. The RFA approach is an un-
Numerous studies dealing with the design of actuators steady time-domain aerodynamic theory that accounts
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for compressibility, variations in the incoming flowand Method of Solution

combined blade, trailing edge flap configuration in the

cross-section. These attributes make the RFA modelThe blade is discretized [19] using the global Galerkin
particularly useful when studying vibration reduction me-thod, based upon the free vibration modes of the
in the presence of dynamic stall. The RFA approach rotating blade. Three flapping modes, two lead-lag
generates approximate transfer functions between themodes and two torsional modes are used in the actual
generalized motion vector and the generalized attachedimplementation. The combined structural and aerody-
flow vector. namic equations form a system of coupled differen-
tial equations that can be cast in state variable form.
They are then integrated in the time domain using the
Adams-Bashfort DE/STEP predictor-correctoralgorithm.
The trim procedure [27] enforces three force equilib-
rium equations (longitudinal, vertical and lateral forces)
and three moment equilibrium equations (roll, pitch
and yaw moments). A simplified tail rotor model is
used, using uniform inflow and blade element theory.
The six trim variables are the rotor shaft anglg, the
collective pitch@y, the cyclic pitchfis and8y¢, the tail
rotor constant pitclé; and the lateral roll angler. The

trim procedure is based on the minimization of the sum
Jr of the square of trim residuals. At high advance ra-
tios (0.30< u < 0.35) in the presence of dynamic stall,
an autopilot procedure described in Ref. [47] is used to
accelerate convergence to the trim state. At higher ad-
vance ratios (0.35 ), an iterative optimization pro-
gram based on Powell's method is used to find the trim
variables that minimizég.

A non-uniforminflow distribution, obtained from a free
wake model is employed. The free wake model has
been extracted [28] from the rotorcraft analysis tool
CAMRADI/JA [45]. The wake vorticity is created in
the flow field as the blade rotates, and then convected
with the local velocity of the fluid. The local veloc-
ity of the fluid consists of the free stream velocity, and
the wake self-induced velocity. The wake geometry
calculation proceeds as follows: (1) the position of the
blade generating the wake element is calculated, this is
the point at which the wake vorticity is created; (2) the
undistorted wake geometry is computed as wake ele-
ments are convected downstream from the rotor by the
free stream velocity; (3) distortion of the wake due to
the wake self-induced velocity is computed and added
to the undistorted geometry, to obtain a free wake ge-
ometry. The wake calculation model [45] is based on
a vortex-lattice approximation for the wake.

An approximate methodology for introducing drag cor-
rections due to flap deflections has been described in
Ref. [35]. Control Approach and Algorithm

Aerodynamic Model for Separated Flothe aerodyn-
amic model used for the separated flow is the ONERA
dynamic stall model described by Petot in Ref. [46],
which is one of the more useful dynamic stall models
which provides the aerodynamic load during both at-
tached flow and separated flow. However, in the aeroe-
lastic simulation, only the separated flow portion of the
model is used. The model requires 22 empirical co-
efficients that are determined from parameter identifi-
cation from experimental measurements on oscillating
airfoils. The_separatio_n criteri_on is based on e_mgle of J =2 W,z +ul Wyui 1)
attack. Details on the integration of the model into the
simulation code are provided in Refs. [35] and [36].  The subscript refers to thé-th control step, reflecting
Combined Aerodynamic ModeThe complete aerody- the discrete-time nature of the control. The time inter-
namic model used in this study consists of the RFA Val between each control step must be long enough to
model for attached flow loads, using a free wake model &/low the system to return to the steady state so that
in order to obtain the non-uniform inflow. The ON- the 4/rev vibratory magnitudes can be accurately mea-
ERA dynamic stall model is used for separated flow Suréd. The matriced/; andW, are weighting matri-
loads. Thus the complete aerodynamic state vector for©€S on the vibration magnitude and control input, re-
each blade section consists of RFA attached flow statesSPECtively.
and ONERA separated flow states, together with the A linear, quasistatic, frequency domain representation
representation of the free wake. of the vibratory response to control inputs is used. The
input harmonics are related to the vibration compo-
nents through a transfer matfix given by

The control of vibrations is implemented either as a
single actively controlled partial span trailing edge flap,
or in a dual configuration shown in Fig.1. Each flap is
independently controlled, and the controller is aimed
at reducing the 4/rev vibratory hub shear and moments,
in the fixed system. The control strategy is based on
the minimization of a performance index [1, 2,19, 27]
that is a quadratic function of the vibration magnitudes
z; and control input amplitudas:

. dZi
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The optimal control is:

ui* =_D g7 {WzZi_l—WzTUi—l} (3

where
D=TTW,T+W, @)

This algorithm is usually denoted as the conven-
tional higher harmonic control (HHC) algorithm, which
is essentially a disturbance rejection algorithm. De-
spite its relative simplicity this algorithm has performed
well in most vibration reduction studies. Recently this
algorithm has undergone rigorous re-examination from
a control theory-oriented perspective [48]. In Ref. [48]
improved adaptive version of the algorithm using on-
line identification is developed together with relaxed
version of the HHC algorithm which is much more ro-
bust than the classical algorithm.

In the practical implementation of the ACF, adaptive

materials based actuation, using piezoelectric or mag-
netostrictive materials, has been extensively studied.

A-daptive materials are limited in their force and stroke
producing capability, leading to fairly small angular

studies described in Section 2 of this paper. Many
studies dealt with either hingeless or bearingless ro-
tors. Thr-ee control surface configurations depicted in
Fig. 4 have been considered. The first is a servo flap
configuration that was the earliest configuration stud-
ied, the next one is a plain flap configuration and the
last one is a dual servo flap configuration. Obviously,
the dual flap configuration can also be implemented
using the plain flap. Several studies were also con-
ducted to determine the location of the ACF. For the
single flap configuration, it was found that centering
the flap at 75% of the blade span produces almost op-
timal performance for many cases [19]. The basic dif-
ference between the plain flap and the servo flap is that
for the plain flap, the control surface is an integral part
of the blade, resulting in a cleaner low drag implemen-
tation when compared to the servo flap. Many of the
simulations performed were done on a four bladed hin-
geless rotor that resembles a MBB BO-105 type rotor
for which the basic data on the single and dual flap
configurations is given in Tables 1 and 2. From the
numerous results generated on the ACF, some of the
most important results and conclusions are concisely

deflections. From a control perspective, this leads to0 symmarized in this section.

saturation which introduces serious problems for vi-
bration control. This important problem was studied
and solved effectively in a recent paper by Cribbs and
Friedmann [34]. This approach to dealing with satura-

tion, is also used in this paper. Saturation is treated by

the auto weight approach [34]. The weighting matrix
W, is represented by a form which allows its modifi-
cation by premultiplying by a scalaty, that is contin-

uously adjusted. The controller manipulates the scalar

multiplier to provide the proper flap constraints. If
the flap deflection is overconstrained, the controller re-
duces the value af,, and a new optimal control is cal-
culated. If the flap deflection is underconstrained, the
controller increases the value@f, and a new optimal

Early research on a single servo flap ACF system [1,6,
17,19] has demonstrated that the power requirements
of the ACF are approximately an order of magnitude
lower than root actuated conventional IBC for blades
that are torsionally soft, i.ecor; < 4.0. Also, the vi-
bration reduction effectiveness of the ACF is reduced
when the torsional stiffness of blade increasastp =

6.0 or higher. Furthermore, detailed results shown in
Ref. [27] have shown that the vibration reduction ef-
fectiveness of the servo flap is considerably better than
the plain flap, and the effectiveness of the dual servo
flap is the best.

It was also found that the mechanism of vibration re-

control is calculated. The iterative procedure reduces duction at low advance ratios, where blade vortex in-

or increasesy,y until the optimal control converges to
the desired deflection limits with a prescribed toler-
ance. The control inpui; is given by the flap angle
o which is a sum of four harmonics

5

S(k) = NZZ [Onc COSNYk) + InsSIN(NYk)]  (5)

wheredne anddys are the cosine and sine components
of the N/rev control input.

Freeplay ModelFreeplay can also be implemented in
the model as shown in detail in Ref. [36].

Selected Results for Vibration Reduction

Numerous simulations of the effectiveness of the ACF

teraction (BVI) dominates, is fundamentally different
from the mechanism of vibration reduction at higher
advance ratiosyt = 0.30 or higher. This behavior is
illustrated in Figs. 5-7 which describe vibration reduc-
tion and the flap deflection history for the two advance
ratios. The blade dynamics in these results are all mod-
eled with 3 flap, 2 in-plane, one torsional and one axial
mode. The helicopter is in trimmed level flight with a
weight coefficient ofSyy = 0.00515, which is approx-
imately equal to the thrust coefficient [27, 29, 30].

Using the actively controlled flap, simultaneous reduc-
tion of 4/rev vibratory hub shears and moments with
the nonuniform inflow free wake model was studied.
Results were generated for two advance ratjoss
0.15 andu = 0.30. These two cases correspond to two
different vibration problems caused by different phe-
nomena. A = 0.15, the effects of BVI are strong and

system to reduce vibration have been carried out in therepresent a major source of higher harmonic airloads,
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while atu = 0.30, BVl is less significant and vibratory  placed an emphasis on issues associated with control
loads are mostly due to the high forward flight veloc- saturation that have been treated in detail in Ref. [34],
ity. As indicated previously, the control law for the where three different methods for constraining flap de-
flap consists of a combination of 2, 3, 4, and 5/rev har- flections were studied. It was shown that intuitive lim-
monic input frequencies. The results from this study its such as scaling or clipping of the optimal control
are shown in Figs. 5-12. Figures 5 and 6 show the deflection to a given maximum value introduce severe
baseline and controlled vibratory loads. The local con- degradation in the vibration reduction effectiveness of
troller is effective at reducing the vibratory loads at the ACF system. A new control procedure, for modi-
both advance ratios, but its performanceuat 0.15 fying the weighting matrix associated with the control
is not as good as at = 0.30. This is to be expected, effort was developed and it was shown that flap de-
since atu = 0.30, the effects of nonuniform flow are flection can be limited to a desired value without any
mild, and earlier results indicated that the actively con- significant degradation in controller performance.
trolled flap performed very well when uniform inflow
distribution is assumed. The favorable results obtained
for the case oft = 0.15 indicate that the actively con-
trolled flap is a viable device for alleviating BVI ef-
fects at low advance ratios. Figures 7 and 8 illustrate
the flap input and its harmonic content for the two
cases. The figures emphasize the difference betwee
the flap input at the two advance ratios, indicating that
the vibratory loads for the two cases are very different.
It should also be noted that fpr= 0.15, considerably
larger flap deflections are needed for vibration allevi-
ation. Also, it is important to note that the 2/rev com-
ponents play a more significant role in the case of BVI
alleviation than it does at high advance ratios.

An important issue associated with codes which can
simulate vibration reduction achieved by ACF system,
is the validation of the code with experimental data
available. The simulation code developed by the au-
thor and his associates [29] was validated by compar-
ing it with experimental data obtained by Fulton and
rmiston [33]. The experiments were conducted on
a two bladed hingeless rotor at an advance ratio of
U = 0.20. The rotor was excited by piezoelectrically
activated plain flap inputs at 2, 3, 4, and 5/rev. The
magnitude of the flap input wa®; = 5°, and the flap
was operated in the open loop mode. The purpose of
the experiment was not to reduce vibrations, but to ex-
cite the blade dynamics with the flap and thus deter-
Figures 9-12 show the nondimensional tip deflec- mine its control authority. The root flapping moment
tions in the flap and torsional degrees of freedom. Thes®f the blade was measured. These flapping moments
plots provide insight on the operation of the controller were also simulated by the code. Results are shown
and the mechanism of vibration reduction. From Fig. in Figs. 13 and 14, Fig. 13 shows the response due
10, it is clear that the actively controlled flap does not to the 2/rev excitation and Fig. 14 shows the response
modify significantly the flapwise dynamics of the blade due to 3/rev excitation. The two blades tested were
for the u = 0.30 case, while it does so at = 0.15 not identical, and therefore each plot contains two sets
as indicated in Fig. 9. This implies that two differ- of experimental data, one for Blade 1 and another for
ent strategies are employed by the controller to tackle Blade 2, respectively. The simulations were conducted
the vibration alleviation problem at the different ad- for an average blade and the results are shown by the
vance ratios. At high advance ratj@ = 0.30, the nor- triangles in Figs. 13 and 14. Clearly, the agreement
mal flapping dynamics of the blade results in a redis- between the simulation and the test is quite good.
tribution of the aerodynamic loads over the azimuth.
Whereas ap: = 0.15, the controller drives the blade
into a region of large flapping dynamics that modifies
the relative spacing between the blade and the tip vor-

As evident from the results that have been presented
at low advance ratios, BVI is an important effect that
generates large vibratory hub shears and moments. On
the other hand, in high speed flight, high vibratory
Soads are induced by dynamic stall. A detailed study
of alleviation of vibratory loads, due to dynamic stall
by using an ACF system has been completed recently
[35, 36]. The effect of dynamic stall was incorporated

control of BVI induced vibration requires a more re-
fined control strategy where additional variables such
as blade-vortex spacing should be included in the ob-

jective function. Figures 11 and 12 indicate that blade in the simulation [35] using the ONERA dynamic stall
torsional deflections are also .amplified as a result of model and combining it with the unsteady aerodynamic
the controlled flap activity, particularly atthe lowerad- 40" jescribed in Refs. [29] and [30]. The drag due
vance ratio. This is not surprising since the flap and to flap deflections was also incorporated in this study
torsional d_egrees of freedom have considerable struc-; an approximate manner. Using the control algorithm
tural coupling. described earlier, together with the saturation limiting
Inspection of Fig. 7 shows that for BVI alleviation scheme [34], it was shown that the ACF can signif-
fairly large control angles are required, and for practi- icantly alleviate the vibrations due to dynamic stall.
cal implementation of ACF systems, it is essential to The vibration reduction obtained is shown in Fig. 15
limit flap deflections to %or less. This requirement for both a single flap and a dual flap configuration. In
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both cases, saturation limits, limiting flap deflections is 15% of the blade chord, and the flaps are designed
to —4° < &; < 4° were imposed. The vibration re- to operate between10° < &; < 10°. The controller
duction effectiveness of the dual flap configuration is is designed to provide the flaps with a combination of
better than that of the single flap configuration. Re- 2, 3, 4, and 5/rev, as indicated in Eq. (5). The flight
sults not shown here indicate that the flap deflections tests are supposed to take place in 2004, and the de-
can introduce a rotor power penalty due to drag of ap- signers claim that this ACF system is the only active
proximately 2%. The power needed to actuate the flapscontrol technology capable of simultaneous reduction
is quite low and it represents less than 0.01% of rotor of exterior noise and cabin vibrations.

power.

Another recent study [49] has examined helicopter vi-
bration reduction using both single, dual and multiple
(i.e. triple) trailing edge flaps controlled by a reso-
nance actuation system. Using simulation it was shownAs indicated in the introduction recent research has
that the multiple actively controlled trailing edge sys- shown that the ACF system has considerable poten-
tem, based upon three plain flaps (see Fig. 4) cen-tial as a means for reducing noise due to BVI [13-15].

tered at 0.635R, 0.735R and 0.935R respectively, with As shown in these studies [13—15] attempts to reduce
aspan of 0.07R each, could outperform both the single noise by active control frequently cause increased vi-
and dual flap configurations for vibration suppression. bration levels and vice-versa. Only in a few isolated

While it is interesting to see that multiple flap systems cases was simultaneous vibration and noise reduction

Noise Reduction Using the ACF Approach

appear to be the best, the mechanical complexity asso-demonstrated using HHC in a wind tunnel test.

ciated with installing three flap systems on a blade has
been disregarded in this study.

Full Scale Implementation of the ACF Approach

Full scale implementation of the ACF approach has
been developed for an MD-900 Explorer as part of the
Smart Rotor demonstration program funded by DARPA
[40]. The rotor is a 5 bladed bearingless rotor with a
34ft diameter. The ACF system is implemented by us-
ing the single plain flap configuration with piezoelec-

tric actuation provided by the piezo-stack driven X-

frame actuator developed by Prechtl and Hall [50]. To

obtain bi-directional operation, the blades are equipped
with dual X-frame actuators. The flap used has a span

of 18% of blade length and its chord is 25% of the
blade chord, and it is centered at 83% of the blade ra-
dius. Initially, a complete flight test of this experimen-
tal helicopter was planned. However, funding short-

ages caused the flight test program to be replaced with

a combination of whirl tower testing and wind tun-
nel testing in the NASA Ames 4080ft wind tunnel.
These tests are scheduled to take place in 2003.

A full scale rotor based on a hingeless BK 117/EC 145
is also under development in Europe [51,52]. The

rotor blades have been bench tested, and preliminary

tests have also been carried out on the whirl tower to
confirm the dynamic layout and the aerodynamic effi-
ciency of the ACF system. The flap system consists of
three identical units with an individual length of 0.3m

each, and the three units are adjacent to each other.

Each unit represents a plain flap. The units are cen-
tered at 0.71R, 0.77R, and 0827R, they span 16%

In Refs. [13-15], the aeroelastic simulation capability
for vibration reduction using single and dual ACF sys-
tems described earlier in this paper has been extended
so as to simulate noise generation under BVI condi-
tions in descent. The primary changes introduced in
the simulation are described in detail in Ref. [13] and
are summarized below:

(a) The RFA unsteady compressible aerodynamic mod-
ule [26] was modified so as to produce a chord-
wise unsteady pressure distribution, in addition
to the cross sectional unsteady lift and moment.

The free wake model used in the simulation was
refined to provide a 2azimuthal wake resolu-
tion.

(b)

The free wake model that was originally taken
from CAMRAD/JA was modified by incorpo-
rating a second inboard vortex line. This feature
of the wake model becomes active only when
the tip loading becomes negative. The free wake
distortion computation routine was also modi-
fied to include the deformation of this second
inboard vortex line.

(€)

(d) The unsteady pressure on the surface of the blade
is used to provide input to a modified version
of the WOPWOP code. The modifications to
the WOPWOP code consist of the replacement
of the original blade model with a fully flexible
blade model with coupled flap-lag-torsional dy-

namics, undergoing moderate deflections.

The control algorithm was also modified as described

of the blade radius between the radial station 3.8m andin Ref. [15]. For BVI noise reduction the vectdr in

4.7m, and the total rotor radius is 5.5m. The flap chord
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Eq.(1) is replaced by the vector levels on the carpet plot are shown in Figs 18b through
18e. For the single flap, Fig 18b, without saturation, no

NHos significant noise reduction occurs, although the noise
Zung = : (6) directivity pattern is slightly modified. However, with
Nii17 dual flaps, reductions of 3 5dB are found on the ad-

vancing side, without noticeable increases on the re-
z nr from Eq.(6) which includes acoustic pressure lev- treating side, as shownin Fig 18c. With modified weight-
els in the 8 — 172" harmonics of the blade passage fre- ing and saturation limits, reductions of-%dB for the
guency measured by a microphone located on the skidsingle flap case and-56dB for the dual flap case are
of the helicopter, as shown in Figure 16. obtained on the retreating side. The improved noise re-
duction found with saturation limit corresponds to the

For simultaneous reduction of vibration and noise a . L .
different weighting matrix used.

combined vector is used

Zx sR = {ﬂ} . (7 .
Zk NR Concluding Remarks

wherez, g contains the usual hub shears and moments

used in the vibration reduction problem. Thzisss This paper provides a detailed description of the evolu-
is simply a partitioned combination of hub shear and tion of the actively controlled flap technology together

noise levels. The weighting matri%/ (see Eq. 1)is  With the essential features of the aeroelastic simula-
used to adjust the control effort so as to achieve a de-tion codes needed for predicting the behavior of ACF

sirable balance between vibration and noise reductionSystems. A representative simulation code is validated
levels. agai-nst experimental data. It is shown that ACF tech-

nology is capable of alleviating BVI induced vibration,
as well as vibrations due to high speed flight and dy-
namic stall. Based on current data, the ACF system

Before showing noise and vibration reduction results
it is important to mention that the extended noise and

vibration simulation code has been carefully correlated implemented in the dual flap configuration appears to
against HART data, as shown in Refs. [14] and [15]. offer the best solution for overall vibration reduction.

Simultaneous noise and vibration reduction with this Furthermore as shown in Refs [14] and [15] simul-
code has been demonstrated in Ref. [15], for a he-teneous noise and vibration reduction has been also
licopter resembling an MBB BO-105, at an advance demonstrated in the simulations conducted. Two ad-
ratio of u = 0.15, a—6 degree descent angle, and a ditional advantages of the ACF systems are: (1) low
weight coefficient ofCyy = 0.005. In the weighting  power requirements for its operation, and (2) no ef-
matrix the noise components were weighted 10 times fect on the airworthiness of the helicopter. Full scale
larger than the vibration components. Results are showimplementations of this approach are imminent in Eu-
in Fig. 17 for vibration reduction and Fig. 18 for noise rope. Itis therefore expected that this particular imple-
reduction, for both the single flap and the dual flap mentation of IBC technology will become sufficiently
ACF configurations. The results are present for both mature and reliable, so as to warrant implementation
no saturation limits on the flap, as well as degree  in a production helicopter.

saturation limits. Clearly if the vibration and noise reduction capabil-

In Fig. 17 it is shown that in absence of saturation ity of the ACF system can be augmented by perfor-

limits the single ACF reduces the vertical hub shear by mance enhancement, then the ACF system will suc-
71%, and the dual ACF produces a 80% reduction in ceed in making significant improvements in rotorcraft

the vertical component. These reductions in the 4/rev technology.

vertical hub shears are similar to the results obtained

when only vibration levels were reduced. However,

when saturation limits and the modified weighting are Acknowledgment

introduced, the vibration levels are reduced by 38%
and 36% for the single and dual flap respectively.
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Table 1: Elastic blade configuration.

Rotor Data

Nb=4

cp = 0.005498 ,,

we1 = 1123 Cygo =0.01
w1 =0.732 Cmo=0.0
wr1 =3.17 ap =21
y=55 o=0.07
Helicopter Data

Cw =0.00515

Xea = 0.0 Zep=0.3
Xrc =0.0 Zrc =03

Table 2: Flap configurations.

Ces=0.25Cy,
Single flap

Xs=0.79, L=0.12,
Dual flap

x, =072, Li=0.06L,
x2,=0.92L, L% =0.06Lp
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advance ratiogt = 0.15 andu = 0.30.
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Figure 9. Nondimensional tip deflections in flap

degree of freedony = 0.15.

Nondim. deflection in torsion

04

.02+

02+

06+

-.08

degree of freedony = 0.15.

BASELINE

ACF - FREE WAKE

180 360

Azimuth

Figure 12. Nondimensional tip deflections in torsional
degree of freedony = 0.30.
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Figure 13. Variation of 2/rev f?apW|se bending

moment with elevon phase, (760 RPM= 0.20,
RFA aerodynamics).
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Figure 14. Variation of 3/rev flgapW|se bending

moment with elevon phase, (760 RPM= 0.20,
RFA aerodynamics).
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Figure 15. Vibration reduction with dynamic stall
using single and dual flap configurations, with
saturation limits, apt = 0.35).

15

—Carpet Plane
\ 1.15R

Onboard Microphones

10 Y/R

0
X/R

Figure 16: Microphone locations on and around the
helicopter for noise feedback

0.0020 7 M Baseline
OSR, 1 Flap, No Sat'n Limits
B SR, 2 Flaps, No Sat'n Limits
0.0015 1
B SR, 1 Flap, Saturation Limits
B SR, 2 Flaps, Saturation Limits
0.0010 1
0.0005 A
0.0000 -

Figure 17: Vibration levels showing reduction from
baseline, simultaneous reduction with 1 and 2 flaps
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Figure 18: Noise carpet plot showing reduction from baseline, simultaneous reduction with 1 and 2 flaps
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