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Aeroelastic Modeling of Trailing-Edge-Flap
Helicopter Rotors Including Actuator Dynamics

Jinwei Shen* and Inderjit Chopra'
University of Maryland, College Park, Maryland 20742

The effect of actuator dynamics on a helicopter rotor with trailing-edge flaps for vibration control is investigated.
Trailing-edge flap, actuator, and elastic rotor blade equations of motion are formulated using Hamilton’s variational
principle. The coupled nonlinear, periodic equations are solved using finite elements in space and time. The
baseline correlation study is based on wind-tunnel test data for a typical five-bladed bearingless rotor system.
Good agreement is seen for the blade flap bending, chord bending, and torsion moments. It is shown that actuator
dynamics cannot be neglected for a trailing-edge flap system with torsionally soft actuators. The parametric study
performed using both coupled flap/actuator model and prescribed flap motion model indicated that the placement
of trailing-edge flaps at 78 % radius resulted in minimum flap input for this rotor. The vibration reduction level
and trend are close between the predictions of both models at different forward speeds. Control inputs predicted
by the coupled model show less sensitivity to the forward speed than that of prescribed model.
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lift curve slope

flap hinge moment coefficient

blade chord

actuator torsional damping

offset of flap hinge from blade elastic axis
= flap leading-edge location aft of midchord,
in semichords

N, /rev longitudinal vibratory hub shear
N, /rev lateral vibratory hub shear

Ny, /rev vertical vibratory hub shear

flap hinge moment (positive flap down)
flap second mass moment of inertia about flap hinge,

J [ ys?dm

scalar nondimensional vibration objective function
actuator torsional stiffness

offset of flap hinge from flap leading edge

flap length

N, /rev roll vibratory hub moment

Ny, /rev pitch vibratory hub moment

flap first mass moment of inertia about flap hinge,

J [ ypdm

kinetic energy

Theodorsen flap constants

strain energy

downwash velocity

air velocity tangential to blade chord
blade elastic axial displacements
blade elastic lag displacements
virtual work

blade elastic flap displacements

= blade spanwise position
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o = angle of attack

By = blade precone angle

y = lock number

AL = flap incremental lift (positive up)

AM flap incremental pitching moment (positive airfoil
leading edge up)

8 = variation

Sa = actuator input (positive flap down)

8¢ = flap deflection (positive flap down)

6o = rigid pitch angle

& = blade modal response

¢ = blade elastic twist

v azimuth angle

Subscripts

a = actuator

b = blade

D = deformed blade coordinate

F = trailing-edge flap coordinate

f = trailing-edge flap

H = trailing-edge flap hinge coordinate

Superscripts

/ = d/dx

* = d/dy

*k = d*/dy?

Introduction

ELICOPTER rotors are susceptible to high vibrations, because

flexible rotor blades operating in an unsteady aerodynamic
environment result in complex aeroelastic couplings. Higher har-
monic control (HHC) and individual blade control (IBC) have been
shown to be effective in minimizing vibration but at a considerable
weight penalty and system complexity.! In HHC and IBC systems,
blades are feathered at higher harmonics of rotational speed, gener-
ating new unsteady airloads that if properly phased can cancel some
of the original vibratory loads. Recently, with the emergence of
smart material actuators, there have been growing activities to min-
imize vibration actively with trailing-edge flaps. Such a control sys-
tem is expected to be a compact, lightweight, low-actuation-power,
and high-bandwidth device that can be used for multifunctional
roles such as vibration and noise suppression,” aeromechanical
stability improvement,* rotor performance enhancement,® and
swashplateless primary rotor control.” A variety of comprehen-
sive rotorcraft analyses® ! have examined the performance of
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trailing-edge flaps for active vibration control in rotorcraft. How-
ever, most of these analyses incorporated prescribed flap motion and
thereby neglected the dynamics of the actuators. This paper will ad-
dress that issue.

Trailing-edge flaps have long been used as control devices in
the fixed-wing community. Recently, trailing-edge flaps driven by
smart material actuation have been an active research topic both ex-
perimentally and analytically. A large variety of Froude-scale and
Mach-scale rotor models with various actuation schemes have been
proposed and to a certain extent implemented. Vibration reduction
has been demonstrated experimentally.? In analytical simulations,
Millott and Friedmann® investigated servo flaps using a flexible
blade model and modified Theodorsen aerodynamics. The servo-
flap system was found to be just as effective as conventional mul-
ticyclic pitch control but with greatly reduced power requirements.
The study included parametric studies of flap size, flap location,
and blade torsional stiffness. The flap location was determined to be
a significant design parameter. Milgram and Chopra®!'® presented
a comprehensive study based on the University of Maryland Ad-
vanced Rotorcraft Code (UMARC) using a compressible unsteady
aerodynamic model'' and the Bagai—Leishman free-wake model.'?
The analytical results were validated with wind-tunnel experimen-
tal data.> The Milgram and Chopra study indicates the feasibility
of a 10% span, 20% chord trailing-edge flap, with +5 deg flap
travel, in reducing vibratory hub loads. The parametric design study
examined the influence of flap system design parameters such as
flap length and chord, spanwise location, and controller weighting
parameters. The flap length and chord were found to be of less im-
portance because the controller automatically adjusts for changes
in flap authority by varying the input amplitudes. The flap span-
wise location was found to be an important parameter. Myrtle and
Friedmann'3 presented a rotor code for the active flap using an un-
steady aerodynamic model for airfoil/flap based on a rational func-
tion approximation approach. Similar levels of vibration reduction
are obtained when using quasi-steady Theodorsen aerodynamics
and the new unsteady aerodynamic model. Unsteady aerodynam-
ics, including free-wake modeling, was shown to be important for
obtaining flap actuation power requirements. Straub and Hassan'*
and Straub and Charles'> modified the comprehensive code CAM-
RAD/JA to account for the aerodynamics of blade sections with a
trailing-edge flap and a simple model of actuator dynamics. The
flap aerodynamics was modeled with an approximation of potential
flow thin airfoil theory or with the use of a two-dimensional airfoil
section table lookup. The CAMRAD II' code presented the ability
to model the fully coupled blade/flap aerodynamics and dynamics.
The steady flap aerodynamics is modeled using a two-dimensional
airfoil table lookup. Incompressible unsteady loads are obtained
using modified classical two-dimensional airfoil/flap theory.!” Pre-
dicted results from CAMRAD/JA and CAMRAD II were com-
pared for blades without flaps and for blades with prescribed flap
motion.'> The study showed that CAMRADY/JA captured the over-
all rotor response as well as trailing-edge flap loads with sufficient
fidelity and that CAMRAD II predicated more accurate blade and
flap loads.

For most of the previous trailing-edge flap analyses, the actuator
dynamics was neglected. The principal objective of this paper is
to present a comprehensive rotor aeroelastic analysis with trailing-
edge flap including actuator dynamics.

Analytical Model

A comprehensive analysis for a rotor with active control flaps was
formulated by Milgram et al.” and incorporated into UMARC. This
analysis modeled the trailing-edge flap as a structural dynamic ele-
ment with prescribed motion at the hinge located at the leading edge
of the flap. It included flap inertia and aerodynamics but neglected
the actuator dynamics. The present study extends that analysis by
including actuator dynamics. The actuator and flap are modeled as
two separate structural dynamic elements with the flap hinge located
at an arbitrary chordwise portion of the flap.

The baseline rotor analysis is taken from UMARC.'® The blade is
assumed to be an elastic beam undergoing flap bending, lag bending,

elastic twist, and axial deformation. The derivation of the coupled
blade/actuator/trailing-edge flap equations of motion is based on
Hamilton’s variational principle generalized for a nonconservative
system:

n
an:f (U —8T —8W)dr=0 )
n

where §U is the variation of the elastic strain energy, 87 is the vari-
ation of the kinetic energy, and § W is the work done by nonconser-
vative forces. The blade, actuator, and trailing-edge flap contribute
to the following energy expressions:

8U = 68U, + 8U; + 8U, )
8T = 8T, + 8T, + 8T, 3)
SW =8W, + W, + 8W, @)

The trailing-edge flap coordinate system is shown in Fig. 1.

Structural Modeling

The actuator is modeled by a torsional spring and a torsional
damper, which connect the flap with the baseline blade at a hinge
located at an arbitrary chordwise portion of flap. The flap motion is
indirectly controlled via base motion of the torsional spring (Fig. 2).
The actuator mass is lumped into the baseline blade mass. The flap is
assumed to be sectionally rigid and undergoes the same flap bending,
lag bending, elastic twist, and axial deformation as the baseline blade
but with an additional degree of freedom—flap torsional deflection.
The blade sectional structural properties reflect the entire section,
including actuator and trailing-edge flap. The variation of the strain
energy of the baseline blade 6U,, is not changed by the actuator and
flap motion. The variation of the strain energy of actuator and flap
are

SUa :ka(af_sa)a((sf) (5)
5U; =0 ©)

where §; is the angular deflection of the flap with respect to the blade
and 4, is the actuator angular deflection that is prescribed (Fig. 2).
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Fig. 1 Trailing-edge flap coordinate system.
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Fig. 2 Trailing-edge flap and actuator system.
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The incremental variation of the kinetic energy of the baseline
blade due to the flap motion is expressed as follows:

Ly
S(ATy) = / (AT, - 8v + AT, - $w + AT - 8¢
0

+ ATy -8V + AT, - Sw’)dx (7
where
AT, =—S; - (8/0*§sin 6y — dBcos 903_*/ — 8 ycos 903_*/ — dycos 005:)

— 268 cos 6y —S?COS o + 8 ysin 6 — sin 905;) (®)
AT, =S8 - (~882c0s 6 — Psin 6o8 — 8sin 65, — & ;sin fobly

— 26,8 sin 6, —Sz-sin 6y + cos 903}) ©))

ATy =S, - (x8sin60B, +2d8cos 63 — d8; + ddy + U5cos by

— 87vcos by + 8sin fyid) — 1,5, (10
ATU/ ZXSf(SfSiHQO (11)
AT,y = xS8;8scos by (12)

where S is the flap first mass moment of inertia about the flap hinge
Sy= ffyf dm), Iy is the flap second mass moment of inertia
about the flap hinge (/; = f f ys2dm) and [, is the flap spanwise
length.

The variation of the kinetic energy of the actuator and flap are

8T, =0 (13)

Ly
8Ty :/ T;-8(8;)dx (14)
0
where

Ty =F(Sy Ip.x, v, 0.0, ¥ ., 0, w' 0,0, ...) (15)
Aerodynamic Modeling

External aerodynamic forces on the blade contribute to the virtual
work of the system. The incremental virtual work of the baseline
blade due to the flap motion is expressed as follows. For simplicity
of analysis, flap drag is currently neglected in the formulation:

ly
S(AWy) :/ (ALY -dw+ AMY - 5¢) dx (16)
0
SWo = —ca- (55 —8) - 8G5) (17

ly
SW, =/ H - 8(8;)dx (18)
0

where ¢, is actuator damping.

There are several available aerodynamic models for a flapped
airfoil. The Hariharan-Leishman model'! is incorporated into
UMARC for trailing-edge flap studies.” This model is based on
the indicial method and includes compressibility and unsteady ef-
fects. However, this model currently lacks the capability to model
an aerodynamically balanced flap, which is often used to reduce
the flap actuation force. Two trailing-edge-flap aerodynamic mod-
els are used in the present study. The first one is a quasi-steady model
adapted from Theodorsen’s theory,!” which is capable of modeling
the aerodynamical balance of flap, and the second one is a table
lookup model based on test data. For the second model, the blade
aerodynamic section coefficients (C;, C4, C,,) and flap aerodynamic
coefficients (C;,) are looked up in the table for the current airfoil an-
gle of attack, o, Mach number M, and trailing-edge flap deflection

8¢. For the airfoil without trailing-edge flap, a C81 format table
lookup was used to define the blade aerodynamic coefficients. The
Bagai—Leishman free-wake model'? based on the pseudo-implicit
predictor—corrector relaxation scheme was used to obtain induced
in-flow distribution on the rotor disk.

For analytical flap aerodynamic models, the incremental lift AL,
pitching moment AM, and trailing-edge-flap hinge moment H can
be expressed in terms of blade and trailing-edge-flap deflections,
velocities, and accelerations. These incremental forces and moments
act in the blade deformed coordinate system and are subsequently
transformed to the blade undeformed coordinate system respectively
as ALY, AMg, and H:

AL = (y/6a)[Cis, -8, -UF +Cy -8, Ui+ Cpg -51] (19)
AM = (y/60)[Cps, 87 - U2 +C 3 -87-Ui+Coo -8;]  (20)
. 2 * *k
H = (y/6a)[Cys, -8 - U’ + Cyy, 8 Ui+ Cpy -85
+Cpr - (=) - Uy 4 Cpe- (=10) + Cpoe - (=U; - U,)

+Cy- (o +6) - U+ Cppe (+ )] e

Using Theodorsen theory for aerodynamically balanced flaps, the
coefficients are given by

Cis=2-(Tio—1-To) (22)
Ci=c-1-(~Tiw—v1-e)+Lc- (T —T)) (23)
Cpe= (T, —T) (24)
Cus = (—=3)( - T+ Tis) (25)
Cx= (—%)C (- Tz + The) (26)

we=(—3)c? - (L Toy + 2T13) @7
Cha =1-Ty— 1T12 (28)
C,r = jc-[l- 2Ty — Tos) = Tis — Tia] (29
C,lj; = %Cz (=1 Ty — 2Ty3) (30)
Cip=1-To—5Tn 31)
Cow=rjc- (T —1-Ty) (32)

Cis = —(1/m)I* - (3Tos + TaoTo1 ) + (1/2m)1 - (TiaToy — Tag
+2TTho) — (1/27) - (Ths + Ti2Tho) (33)
C.y=1/4m)c - [12 “(=2TxT1o — To9)
+1- (TiaTio — Ty + T Tir) — Trio — $Ti T | (34)
Cpo=(1/8m)* - (I* - T5s =1 - 2T, + T) (35)
The air velocities are functions of blade motions; therefore, many

of the aerodynamic terms in the virtual work are blade and flap
motion dependent and contribute to the element matrices:

U = F(u,v,w,¢,0,d, ¥, %, v, w,...) (36)
U,=F,w,,0,d,p, v, w,...) (37)
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Coupled Blade/Actuator/Flap Equations

The blade is discretized into a number of beam elements. Each
element consists of 15 degrees of freedom. These degrees of free-
dom are distributed over five element nodes (two boundary nodes
and three interior nodes). There are six degrees of freedom at each
element boundary node. These six degrees of freedom correspond
to u, v, v, w, w’, and ¢. There are two internal nodes for elastic
axial deflection u and one internal node for elastic twist ¢. Between
elements, there is continuity of displacement and slope for flap and
lag bending deflections and continuity of displacement for elastic
twist and axial deflections. This element ensures physically consis-
tent linear variations of bending moments and torsional moments
and quadratic variation of axial force within each element. Blade,
actuator, and trailing-edge flap equations of motion are expressed
into the modal space as follows:

[Mbb be] g +|:Cbb be] 5*
Mgy My | |5 Cro Cyr] |5

K .
+|: bb Kb/]{ﬁ}:{ﬂab} (38)
Ko Kyr | 9 Fyy
The coupled blade/actuator/trailing-edge flap equations that are
solved using finite elements in space and time are nonlinear and
periodic. Because the actuation force driving the flap is assumed
to be periodic, the trailing-edge-flap response will also be periodic.

Therefore, periodic boundary conditions are applied to the temporal
elements.

Multicyclic Controller

A multicyclic controller'® is used to determine the flap control
inputs. This algorithm is based on minimization of an objective
function,

J=2,"W.z, +6," Wo0, + A6,T Way A6, (39)

where z,, is a hub loads vector containing the cosine and sine coef-
ficients of the N,/rev fixed-system hub loads F\, F,, F,, M,, and
M, at time step n; 6, and A, represent the harmonics of the con-
trol inputs and control rates, respectively. The diagonal matrices W
contain weights for different harmonics of the vibration, W,, the
control inputs Wy, and the control rates Wag.

The weighting matrices used in the present study are

0.040
0.023
w. = 1.0 (40)
0.440
0.136
W, =0 A1)
AW, =0 (42)

The weighting matrix W, is selected to give a compromised con-
sideration on the vibration level at the pilot seat, copilot seat, center
of gravity, and Notar fan of the MD-900 Explorer based on a NAS-
TRAN simulation. For the five-bladed rotor, the trailing-edge-flap
inputs used in the present study are 4/rev, S/rev, and 6/rev.

Results and Discussion

Before results of actuator dynamics modeling are presented, the
predictive capability of UMARC for a baseline bearingless rotor
without trailing-edge flaps is evaluated by correlating with wind-
tunnel experimental data. Trailing-edge-flap airfoil aerodynamics
coefficient predictions are then compared with wind-tunnel test data.
With the fairly good correlation of UMARC baseline rotor modeling
and the trailing-edge-flap aerodynamic model, the UMARC predic-
tions including actuator dynamics are included in two parts: 1) inves-
tigation of coupling effect among blade, actuator, and trailing-edge

Table 1 MDART rotor properties

Property Value

Rotor type Bearingless
Number of blades 5

Rotor diameter 34 ft

Rotor speed 392 rpm

Chord 0.0492 R

Twist angle —10 deg (nominal)

Solidity 0.078

Table 2 MDART blade natural frequencies

Parameter UMARC, /rev CAMRAD II (Ref. 15), /rev
Flap 1.04 1.05
2.68 2.78
4.62 4.57
Lag 0.68 0.61
4.33 4.43
Torsion 6.18 5.95

flap; and 2) parametric study on flap spanwise location that includes
actuator dynamics.

Baseline Rotor (Without Trailing-Edge Flaps)

The predictive capabilities of UMARC for a bearingless rotor
without trailing-edge flaps were evaluated by comparing calculated
results with wind-tunnel test data for the McDonnell Douglas Ad-
vanced Rotor Technology (MDART).?° The MDART rotor is a pre-
production version of the MD-900 Explorer, a five-bladed bear-
ingless rotor. Its design parameters are given in Table 1. Table 2
compares calculated rotating natural frequencies of the MDART
rotor between the present analysis and CAMRAD II. Overall, good
agreement is seen. The small discrepancy may be a result of dif-
ferent structural properties used in the analyses. For example, the
present analysis assumes a snubber stiffness consistent with Ref. 21,
whereas CAMRAD II results in Table 2 are based on a lower value.

The modeling of the baseline MD-900 rotor was correlated by
comparing the flap, chord, and torsion structural moment distri-
butions. The comparisons were performed for a simulated descent
flight condition at an advance ratio of 0.2 with a 3.5-deg aft tip path
plane angle and a thrust coefficient Cr /o of 0.0774. The analysis
utilized the wind-tunnel trim procedure: trimming to the prescribed
thrust level with zero first harmonic blade flapping. Figure 3 shows
that UMARC results for the baseline rotor are in good agreement
with test data.

Validation of Aerodynamics Model of Trailing-Edge Flap Airfoil

This section presents the validation study of a trailing-edge-flap
airfoil aerodynamics model by comparing the predictions with wind-
tunnel test data. The test data are from a two-dimensional wind-
tunnel test conducted in the NASA Langley 0.3-m Transonic Cryo-
genic Tunnel.”” The goal was to identify a suitable trailing-edge-flap
geometry for helicopter rotor aerodynamic/dynamic applications.
Two pressure-instrumented models of the HH-06 (9.5% thick) and
HH-10 (12% thick) airfoils having 35% chord integral plain trailing-
edge flaps and different overhang lengths were tested.

The aerodynamic coefficient predictions using Theodorsen’s
model!” are compared with wind-tunnel test data for the HH-06 air-
foil in Fig. 4. The two-dimensional airfoil aerodynamic coefficients
of lift, pitching moment, and hinge moment are compared with three
trailing-edge flap deflections, namely neutral and 4 deg upward and
downward, at different angles of attack. Good agreement is seen
for the lift coefficient and fair agreement for pitching moment co-
efficient. Hinge moment coefficient predictions only qualitatively
agree with the test data. Most of the difference between predictions
and test data are a result of viscous effects at the hinge gap and flow
separation effects.
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Fig. 3 Measured and predicted structural moment distribution (half-
peak-to-peak), advance ratio of 0.2, Cr/o =0.0774.

Flap Analysis Including Actuator Dynamics

The following sections discuss calculated results from the
UMARC analysis using analytical expressions for acrodynamic co-
efficients and with the inclusion of actuator dynamics using the fully
coupled blade/actuator/flap analysis.

Figure 5 illustrates the coupling effect of actuator on resultant flap
angle variation for one complete revolution for two different values
of actuator stiffness. Three actuator stiffnesses were considered:
1) soft actuator (10% of the baseline actuator stiffness), 2) baseline
actuator, and 3) rigid actuator (10 times that of the baseline actuator
stiffness). Actuator input is §, = (2) deg cos(4yr — 240 deg). In the
presence of actuator dynamics, flap deflection differs considerably
from the actuator input for the trailing-edge flap system with the
softer actuator. The flap deflection of the flap system with the rigid
actuator is almost the same with the actuator input.

Parametric Study
Parametric studies have been conducted to investigate the im-
pact of flap and actuator design on control authority and power
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Fig. 4 Measured and predicted aerodynamic coefficients of two-
dimensional HH-06 airfoil with 0.35 plain trailing-edge flap (10% c
overhang, M =0.20).
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Fig. 5 Flap deflections with different actuator stiffness, advance ratio
of 0.2, with actuator input 9, =2 cos(4t) — 240 deg).
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Fig. 6 Comparison of trailing-edge flap models (with and without
actuator dynamics) for different flap locations, advance ratio of 0.3,
Crlo =0.075.

consumption. Key flap design parameters, such as flap spanwise
length and chord and spanwise location, have been examined.!°
The goal of the present study is to investigate the coupling effect of
actuator and flap dynamics on the selection of flap design parame-
ters. The predictions of the present UMARC model, incorporating
actuator dynamics, are compared with those of UMARC using pre-
scribed flap motion. The multicyclic controller described earlier is
used to provide the optimum flap control schedule. For the pre-
scribed flap, the controller output is the flap deflection. In contrast,
for the coupled blade/actuator/flap model, the controller output is
the actuator input. The actual flap deflection is calculated by solving
the coupled blade/flap/actuator equations.

The spanwise location of the trailing-edge flap is believed to be
an important factor for the active control system.®!'” To obtain an
optimum flap spanwise location, the simulations are performed with
different flap locations. The following results are calculated at an
advance ratio 0.30 (123 kn) and for a selected Cr /o of 0.075. They

respectively represent the cruise speed and the nominal weight of
MD-900.

The objective function reduction ratio is shown in Fig. 6a. The
objective function predicted by using the coupled model achieved
less vibration reduction overall than that of the prescribed model.
Figure 6b illustrates the half-peak-to-peak values of control inputs
for both models. The control inputs are the actuator motion for
the coupled model and trailing-edge-flap motion for the prescribed
model. The coupled model requires larger half-peak-to-peak con-
trol input than that of the prescribed model. The actuation power
required is presented in Fig. 6¢. Actuation power predicted with
the coupled model shows a larger increase with the flap moving
outboard than in the prescribed model. The optimum location of
trailing-edge flaps (midspan) predicted for this rotor by both mod-
els is at 78% blade radius, where minimum actuation requirements
are needed and sufficient vibration reduction is achieved.

The current MD-900 flap design parameters are shown in Table 3.
With this flap system, simulations are performed using both the
coupled flap/actuator model and the prescribed flap motion model
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Fig. 7 Comparison of trailing-edge flap models at different forward
speeds, advance ratio of 0.3, Cy/o =0.075, flap midspan location at
83% R.
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at several advance ratios. The thrust level and shaft tilt angle are
prescribed to simulate steady level flight conditions (Table 4). The
uncontrolled and controlled objective functions predicted by both
models are shown in Fig. 7a. Both models show that the controlled
objective function reduces below 40% of the uncontrolled values for
advance ratios from 0.05 to 0.35. The vibration reduction level and
trend are close between the predictions of both models. Figure 7b
shows the effect of actuation dynamics on the half-peak-to-peak

Table 3 MD-900 active trailing-edge flap properties

Property Value

Flap type Plain flap
Spanwise length 36 in. (0.18 R)
Chordwise size 35% (blade chord)
Flap midspan location 0.83 R

Flap hinge overhang 10% (airfoil chord)
Actuator stiffness 81.52 (ft-1b/rad)

Actuator damping 0.005 (ft-Ib-rad~! -s~1)
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Fig. 8 5S/rev hub forces.

Table 4 Prescribed shaft angles in different forward
speeds positive is shaft tilt forward, Cr/o =0.075)

Advance ratio pu Airspeed, kts Shaft angle ay, deg

0.05 21 0.5
0.10 41 1.1
0.15 62 2.6
0.20 82 49
0.25 103 6.9
0.30 123 8.8
0.35 144 10.9
0.0004

—{O— Uncontrolled
---O--- Controlled (coupled)

0.0003 ---&r-= Controlled (prescribedX

0.0002

0.0001

5/rev Hub Rolling Moment, (nondim.)
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Fig. 9 5/rev hub moments.

control input at different forward speeds. Control inputs predicted
by the coupled model show less sensitivity to the forward speed
than that of the prescribed model. Figure 7c presents the effect of
actuation dynamics on the actuation power required. At low advance
ratios, the prescribed model predicts a higher actuation power than
that of the coupled model. However, at a high advance ratio of 0.35,
the predictions of actuation power are higher using the coupled flap
model than when using the prescribed model. The predicted 5/rev
vibratory hub loads with both models are shown in Figs. 8 and 9. The
S/rev vibratory longitudinal force (Fig. 8a) and lateral force (Fig. 8b)
with active control were either not reduced or were reduced slightly
because of their small weighting in the objective function. The 5/rev
vibratory vertical force (Fig. 8c) is almost reduced to zero because of
its significant weighting in the objective functions. Figure 9a shows
that hub rolling moments with active flap control predicted by both
models are significantly reduced at advance ratios below 0.35. The
predictions by coupled models show slightly higher reduction than
that of the prescribed model except at an advance ratio of 0.35.
Figure 9b shows that hub pitching moments with active flap con-
trol are also reduced at advance ratios below 0.35, but less vibration
reduction is achieved compared to hub rolling moments. The predic-
tions made by using coupled models show slightly higher reduction
than those of the prescribed model at advance ratios below 0.30.
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Summary

The system equations of the fully coupled blade/flap/actuator sys-
tem were formulated using Hamilton’s variational principle. The
actuator and flap were modeled as two separate structural dynamic
elements with the flap hinge located at an arbitrary chordwise portion
of the flap. The blade/actuator/flap aerodynamic and inertial cou-
pling effects were explicitly derived. The coupled equations were
solved using finite elements in space and time. The impact of actu-
ator dynamics on the control authorities and actuation requirements
of a trailing-edge-flap system for helicopter vibration control was
investigated.

A correlation study for the baseline bearingless rotor was per-
formed using MDART wind-tunnel experimental data. Good agree-
ment is seen for the blade flap bending, chord bending, and torsion
moments. Aerodynamic coefficient predictions using Theodorsen’s
model were compared with wind-tunnel test data. Good agreement
is seen for the lift coefficient and fair agreement for pitching moment
coefficient. Hinge moment coefficient predictions only qualitatively
agreed with the test data.

A large coupling effect resulting from actuator dynamics is seen
with a soft actuator, resulting in flap deflections that differ consid-
erably from the actuator input.

The parametric study conducted to examine flap location using
both coupled and prescribed flap motion models showed that the
trailing-edge flap was very effective in reducing 5/rev vibratory hub
loads. Spanwise placement of the flap has a significant impact on ac-
tuation power requirement. Both coupled and prescribed flap models
indicate that the placement of the flap midspan at 78% radius re-
sulted in minimum flap input for this rotor. Numerical simulations
were performed using both the coupled flap/actuator model and the
prescribed flap motion model at several advance ratios. Both models
showed that the objective function can be reduced to less than 40%
of the uncontrolled objective function for advance ratios ranging
from 0.05 to 0.35. The vibration reduction level and trend are close
between the predictions of both models. Control inputs predicted
by the coupled model show less sensitivity to the forward speed
than those of prescribed model. Both models predicted maximum
reductions in the 5/rev hub vertical force because of its significant
weighting in the objective functions.
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