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Abstract 

This paper addresses the feasibility of using trailing edge 
flaps to reconfigure a helicopter rotor blade following a 
failure of the pitch link, which makes the blade free
floating in pitch and otherwise uncontrollable. A cou
pled rotor-fuselage model is developed which allowed for 
rotor anisotropy. A n~w) optimization-based, trim pro
cedure is developed to determine the dynamics of the 
failed blade, and the flap inputs required for reconfigu
ration The trailing edge flap appears capable of correct
ing the otherwise catastrophic consequences of a pitch 
link failure. The residual 1/ and 2/rev components of 
the hub loads appear to be reasonably small. The flap 
acts by generating a rigid-body pitching motion of the 
free-floating blade that matches the angles that other
wise would have been generated by the swash plate. The 
steady-state flapping motion of the reconfigured blade is 
very nearly identical to those of the undamaged blades. 
Therefore, if a helicopter rotor is equipped with trailing 
edge flaps for other purposes such as vibration or noise 
reduction, these flaps could be used as emergency control 
surfaces. 

Notation 

S Descent direction in optimization procedure 
for trim 

X Vector of design variables in trim procedure 
(3 Blade flapping angle 
op Flap deflection 
I" Advance ratio 
7jJ Azimuth angle of the reference blade (blade 

number 1) 
¢ Rigid body pitch of the failed blade 
0. Rotor speed 

Subscripts and superscripts 
( )nc cosine component of n-th harmonic 
( )n, sine component of n-th harmonic 
( ) 4 Quantity for blade number 4 (failed blade) 
( ) 4 Quantity for blade number 4 (failed blade) 

1 Associate Professor, Alfred Gessow Rotorcraft Cen
ter; e-mail: celi@eng.umd.edu. 

Introduction 

In recent years there has been a renewed interest in 
the use of trailing edge flaps on the main rotor blades 
for noise and vibration reduction. Extensive theoretical 
research has been carried out, and model scale tests have 
been performed. Full-scale experimentation is now under 
way. 

Trailing edge flaps provide additional control effectors, 
besides the conventional swashplate controls. Therefore, 
they offer some degree of control redundancy, and could 
potentially be used to reconfigure the rotor control chain 
in case of failures. Control reconfiguration has been suc
cessfully explored and tested in fixed-wing applications. 
On the other hand, the potential for helicopter appli
cations has been severely limited by the lack of control 
redundancy, as shown by the few studies on this topic. 

Aponso et al. [1] have studied a case in which the roll 
swashplate actuator of a Sikorsky UH-60 is jammed or 
floating. No additional control surfaces were assumed, 
and reconfiguration was carried out through changes in 
the flight control laws. A simple linearized aircraft model 
was used. Huang et al. [2] have considered a CH-47 tan
dem rotor configuration with combinations of jammed 
front and rear swashplate actuators. Reconfiguration 
was achieved through changes in the flight control laws. 
In one of the cases studied some control redundancy was 
obtained by assuming that the rotational speeds of the 
rotors could be varied by up to ±10%. A simple lin
earized 6-DOF analysis model was used. In the only 
other published study on this topic, Heiges [3] has con
sidered a configuration representative of the AH-64 with 
all the pitch links severed. Control was restored through 
the use of servo-flaps installed on all the blades. The 
study was based on a simple linearized rotor analysis. 

The main objective of this paper is to study the dy
namics and the reconfiguration of a single main rotor 
helicopter in which the pitch link of one of the blades 
has been severed, so that the blade is free-floating in 
pitch. The reconfiguration is achieved through the use 
of a trailing edge flap. The blade is schematically shown 
in Figure 1. The specific problem that will be addressed 
is whether one can determine a flap control history that: 
(i) allows the trimming of the failed rotor, and (ii) re
duces the hub loads to acceptable levels. Because the 
focus of the study is simply to establish the theoretical 
feasibility of this type of reconfiguration, the control con
sidered in this study is open-loop only, and no feedback 
is considered. 

The mathematical model is much more detailed than 
in the studies mentioned above. It includes a full nonlin
ear, coupled rotor-fuselage dynamic model, from which 
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a linearized, time-varying model can also be extracted. 
The anisotropy of the rotor, which has one blade with a 
dynamics different from that of the other three, is fully 
taken into account. A new trim procedure is presented; 
the new procedure is required to deal with the rotor 
anisotropy and the flap control history. 

Baseline simulation model 

The mathematical model of the helicopter used in this 
study is a nonlinear blade element type model that in
cludes fuselage, rotor, and main rotor inflow dynamics. 
The 6 degree of freedom rigid body motion of the air
craft is modeled using nonlinear Euler equations. Linear 
aerodynamics is assumed for fuselage and empennage. 
The blades are assumed to be rigid, with offset hinges 
and root springs. Flap and lag dynamics of each blade 
are modeled. The main rotor has four blades. 

The coupled system of rotor, fuselage, and inflow equa
tions of motion is written in first-order form. The state 
vector has a total of 28 elements: flap and lag displace
ments and rates for each of the 4 blades ( 16 states); 9 
rigid body velocities, rates, and attitudes; and 3 inflow 
states. 

In the absence of a failure, the trim procedure is the 
same as in Ref. (4]. Thus, the rotor equations of mo
tion are transformed into a system of nonlinear algebraic 
equations using a Galerkin method. The algebraic equa
tions enforcing force and moment equilibrium are added 
to the rotor equations, and the combined system is solved 
simultaneously. The solution yields the harmonics of a 
Fourier series expansion of the rotor degrees of freedom, 
the pitch control settings, the trim attitudes and rates of 
the entire helicopter, and the main and tail rotor inflow. 

Modeling of the failed blade 

The blade with the severed pitch link is assumed to be 
free-floating in pitch as a rigid body. The flap and lag 
dynamic model remains otherwise unchanged. The iner
tia moments due to the motion of the flap are neglected. 
Therefore, the pitch equation of motion is simply: 

(1) 

where Dis the rotor speed and M¢ is the nondimensional 
aerodynamic pitching moment. The only aerodynamic 
pitching moment is that generated by the deflection of 
the trailing edge of the flap. The flap deflection ii p ( 'lj;), 
is assumed to have a harmonic variation, that is: 

N 

op(1/Jl = iio+ .z:::(iin,cos1j;+lin,sin1j;J (2) 
n=l 

with op > 0 for a downward deflection of the flap. The 
cases N = 1 and N = 2 will be considered in the present 
paper. The pitching moment coefficient CmF is assumed 
to be linearly proportional to the flap deflection, and is 
given by c,p = -0.64op. 

When the pitch link is severed, the swashplate pitch 
inputs are no longer applied to the blade. Therefore, 
the geometric angle of attack of the free floating blade 
is given by the sum of the rigid body pitch rotation ¢ 
and the twist angle e B. This angle is used to calculate 
all the aerodynamic forces acting on the blade (including 
the flap and lag dynamics). 

While the pitching model of the blade is probably ad
equate for a feasibility study, its limitations should be 
kept in mind. The most serious is the lack of unsteady 
aerodynamic modeling. Even in the absence of a trailing 
edge flap, the motion of the airfoil introduces changes 
in both the magnitude and the phase of the lift, drag, 
and pitching moment coefficients; in particular, aerody
namic pitch damping is generated. The addition of the 
flap introduces further changes of the aerodynamic co
efficients. A model such as that of Ref. [5] should be 
used for a more accurate representation of the unsteady 
aerodynamics of the flapped airfoil. 

On the other hand, neglecting the elastic torsion of 
the free-floating blade is not likely to be a serious as
sumption. The changes in lead-lag dynamics can also 
be neglected, at least at the level of approximation used 
in the present study. It has been shown by Wang [6] 
that small dissimilarities in rotor blade dynamics tend 
to increase the aeroelastic stability of the rotor. There
fore, if the dynamics of the reconfigured blade is close 
or identical to that of the other blades, the rotor should 
at least maintain the level of stability that it had before 
the failure. 

In summary, the coupled rotor-fuselage mathematical 
model consists of 30 nonlinear ODE, namely: 9 Euler 
equations for rigid body motion, 3 dynamic inflow equa
tions, 2 equations for the flap and 2 for the lag dynamics 
of each of the 4 blades, and 2 pitch equations for the 
failed blade. 

Trim procedure for the rotor with a failed blade 

The trim procedure of Ref. [4] needs to be modified 
to take into account the damage to the blade. This is 
necessary for two primary reasons, namely: (i) the rotor 
anisotropy, and (ii) the need to determine the required 
flap trim control. 
Treatment of rotor anisotropy 
The free-floating blade has a dynamics different from 
that of the other three blades, and therefore it needs 
its own separate equations in the system of algebraic 
trim equations. Rigid-body flap and pitch dynamics of 
the free-floating blade are explicitly included in the trim 
procedure, whereas the lag dynamics is assumed to re
main unchanged in trim. The flap and the pitch angles 
are represented in the form of a truncated Fourier series 
expansion, that is: 

2 

!34 ('1/J) = !36+ L(P'~,cosn'I/J.+P'~,sinn'I/J4) (3) 
n=l 
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<Pt + L (¢;',ccosn'ifJ4 + ¢;,, sinn..P•) (4) 
n=l 

where the subscripts and superscripts "4" indicate that 
the failed blade is the fourth, with ,P4 = ,P+270°. Com
pared with the trim procedure of Ref. [4] there are new 
trim unknowns, namely the coefficients of the Fourier 
series above. Therefore, anisotropy adds 10 unknowns 
to the trim problem. The corresponding 10 additional 
trim equations come from the application of Galerkin 
method [4]. For flap they are: 

where £p4(7j;) is the residual obtained when the tenta
tive trim solution is substitutes into the flap equation of 
motion for the failed blade. Five similar equations are 
then written for the residual £p4 (..p) of the blade pitch 
equation. 

The total number of trim equations and unknowns for 
the case of the rotor with a failed blade case is 36. Be
sides the 10 unknowns just mentioned, the trim proce
dure yields values of the pitch settings of main rotor and 
tail rotor; fuselage angle of attack and sideslip angle; roll 
and pitch attitudes; roll, pitch, and yaw rates; and the 
harmonics of the steady-state flap and lag motions for 
the undamaged blades. 
Determination of fiap input 
The coefficients oo, One, and Ons that describe the motion 
of the flap (see Eq. (2)) cannot be directly added to the 
set of trim unknowns, because there are no correspond
ing algebraic equations. Therefore, the trim formulation 
would consist of more unknowns than equations, and an 
infinite number of trim states would then exist. 

The solution devised for this study is to insert the 
baseline trim procedure in an unconstrained optimiza
tion loop. The vector X of design variables of the opti
mization consists of the coefficients of the flap motion: 

Because the rotor is now anisotropic, multiblade load 
cancellations will not occur, and all harmonics of the 
hub loads will generally be present. If the generic hub 
force or moment component f is written in the form 

2 

f(X) = fo + L Unc cos n,P + fns sin n'if;) (7) 
n=l 

the objective function to be minimized is 

(8) 

where the subscript m denotes each of the three hub force 
and three hub moment components. In other words, the 
optimization loop attempts to minimize the coefficients 
of the 1/rev and 2/rev harmonics of all six hub compo
nents. 

The resulting problem can be solved using any uncon
strained minimization algorithm. In the present study 
the Fletcher-Reeves conjugate gradient algorithm [7] is 
used. Therefore, the improved value of the flap motion 
vector xk+ 1 is given by: 

(9) 

where o.* denotes the minimum of F(X) along the direc
tion sk, which is obtained from 

= -VF(Xk) + {3Sk-1 

with {3 = V'FT(Xk)V'F(Xk) 
VFT(Xk_,)\7 F(Xk_,) 

(10) 

where k denotes the iteration number and {3 = 0 for 
k = 1. Note that, for every value of F(X) required 
during the optimization, a complete trim calculation is 
performed. The final solution consists of the vector X 
that minimizes the sum of the absolute values of all the 
components of the 1/rev and 2/rev hub loads plus the 
corresponding values of all the trim variables. 

Results 

The results presented in this section refer to a soft-in
plane, hingeless rotor helicopter configuration roughly 
similar to a B0-105. The chordwise extension of the 
flap is 20% of the blade chord. The flap extends over the 
outermost 20% of the blade. 

Figure 2 shows the iteration history of the objective 
function of the new trim procedure1 i.e., the RMS value 
of the 1/rev and 2/rev components of the hub loads at 
an advance ratio p. = 0.15. One iteration is defined as 
the calculation of one direction of descent Sk, Eq. (10), 
and a one-dimensional minimization along Sk to ob
tain the new vector of flap coefficients Xk+l, Eq. (9). 
The direction finding problem requires the calculation 
of the gradient of the objective function, and therefore 
4 function evaluations for the 1-harmonic flap input. 
The one-dimensional minimization requires another two 
function evaluations besides the baseline to calculate an 
initial quadratic approximation. The minimum of the 
approximation is the candidate 1-D minimum, and re
places the point with the highest value of the objec
tive in the updated approximation. In all the results 
of the present study no more than three function eval
uations were needed to achieve convergence on the 1-D 
minimum. Therefore, each iteration of the optimization
based trim procedure required a total of between 8 and 
10 evaluations of the objective function F(X), Eq. (8). 
The initial guess for X in Fig. 2 is a zero vector, corre
sponding to an inactive flap. The trim procedure clearly 
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converges quickly, and reduce the hub loads by almost 
two orders of magnitude within the first iteration. 

The top part of Figure 3 shows the absolute values of 
the components of the 1/rev and 2/rev hub loads with 
the flap inactive; the bottom part shows the components 
with the flap activated, for the final iteration of the trim 
procedure. The advance ratio is again I" = 0.15. All 
components should be equal to zero for a four-bladed 
rotor with identical blades and intact pitch links. Both 
sets of data refer to trimmed configurations. However, 
it is clear that for the rotor with the failed blade "trim" 
is just a mathematical statement, because the very large 
vibratory loads would quickly destroy the aircraft. The 
improvement brought about by the trailing edge flap is 
dramatic: the peak values are reduced by almost three 
orders of magnitude. 

The objective function is plotted in Fig. 4 as a func
tion of advance ratio. Recall that the objective function 
is the square root of the sum of the squares of the first 
and second harmonics of the six hub load components, 
Eq. (8). Although the residual loads increase almost 
quadratically with advance ratio, the flap clearly man
ages to contain them within reasonable limits. 

The harmonics of the required flap motion are shown 
in Fig. 5 as a function of advance ratio. There is a con
stant, upward deflection of the flap of magnitude be
tween 18.5 and 22 degrees, depending on speed. Smaller 
first harmonic motions are superimposed to it; their 
magnitudes are almost exactly zero at hover (a small 
amount of cyclic is needed in hover to counteract the 
effects of the tail rotor) and slowly increase with speed. 

The mechanism of action of the trailing edge flap is 
evident from the results shown in Fig. 6. The figure 
shows the value of collective and cyclic pitch settings as 
a function of advance ratio, plus the first two harmon
ics of the rigid body pitching motion of the free-floating 
blade with the flap active. The constant harmonic of 
the pitch motion matches almost perfectly the collective 
pitch at every advance ratio. The same is true for lateral 
cyclic pitch and first harmonic cosine, and for longitu
dinal cyclic pitch and first harmonic sine respectively. 
The second harmonics of the rigid body pitch are al
most negligible. Therefore, the trailing edge flap acts 
in such a way that the dynamic pitch response of the 
blade matches the pitch angles that the swashplate con
trols would have generated, if the pitch link had not been 
severed. In retrospect, this conclusion may appear obvi
ous. It should be noted, however, that the optimization 
procedure used for trim does not include directly either 
the pitch dynamics of the failed blade or the rotor pitch 
settings. The match between the two types of quantity 
is a by-product of the attempt to minimize the 1/rev and 
2/rev loads in the nonrotating system. 

Because the action of the flap mimics almost perfectly 
the effect of the swashplate controls, the flap dynamics 
of the reconfigured blade is essentially identical to those 
of the undamaged blades. This is clearly shown in Fig. 5, 

which compares the first two harmonics of the flapping 
motion for both types of blades. Changes in lead-lag 
dynamics are neglected in this study, because the drag 
coefficient is assumed to be constant, and not affected 
by the flap motion. A more realistic flap model would 
have to take this effect into account: drag changes will 
likely introduce 1/rev (and higher) lead-lag oscillations. 

Figures 8 through 10 show the hub load components 
with the largest nondimensional values of unbalanced 
harmonics. Figure 8 shows the first and second harmon
ics of the roll moment as a function of advance ratio. 
The roll moment is nondimensionalized by dividing it 
by the roll moment of inertia of the helicopter. These 
harmonics are all equal to zero for the undamaged rotor. 
The figure shows that the 1/rev and 2/rev harmonics are 
almost cancelled by the flap, with the exception of the 
1/rev sine component, which turns out to be the largest 
unbalanced component among all hub loads. The 1/rev 
and 2/rev harmonics of the pitching moment are shown 
in Fig. 9, which is drawn in the same scale as Fig. 8. The 
pitching moment of inertia of the helicopter is used for 
the nondimensionalization. The 1/rev sine and cosine 
harmonics have about the same size, whereas the 2/rev 
components are negligible. The pitch 1/rev components 
are the next largest hub load components. Figure 10 
shows the harmonics of the Z-force, nondimensionalized 
using the weight of the helicopter. For this hub load com
ponent it is the 1/rev portion to be negligible, whereas 
the 2/rev portion has the larger harmonics, which pro
gressively increase with advance ratio. 

Including a second harmonic in the trailing edge flap 
input has a negligible effect. This can be seen in Fig. 4, 
where the objective function is plotted as a function of 
advance ratio for the case of 1- and 2-harmonic flap in
put. As expected, adding a second harmonic reduces 
the value of the objective function at all advance ratios, 
but the improvement is negligible. The magnitude of 
the second harmonic input is never larger than 0.011 de
grees. However, it should be kept in mind that a more so
phisticated aerodynamic model will probably introduce 
a stronger higher harmonic forcing. As a consequence, 
higher harmonic flap inputs may also be required. 

Figure 12 shows the coupled rotor-fuselage poles for 
the baseline and the failed configurations, and the latter 
with the trailing edge flap active and inactive. The top 
plot contains all the poles, the bottom plot only those 
closest to the origin. Perhaps unexpectedly, the poles are 
not dramatically changed by the blade failure. In par
ticular, the pitch link failure does not trigger any new 
substantial instabilities. Rather, it produces very high 
forced responses. The distinction is probably only of 
academic interest, as the aircraft would be lost without 
reconfiguration anyway, but it may have some repercus
sions on the design of the reconfiguration control laws. 
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Summary and Conclusions 

This paper addressed the feasibility of using trailing 
edge flaps to reconfigure a helicopter rotor blade follow
ing a failure of the pitch link, which makes the blade free
floating in pitch and otherwise uncontrollable. The prob
lem was studied using a coupled rotor-fuselage model 
which allowed for rotor anisotropy in the form of three 
identical blades with a fourth dissimilar one. A new, 
optimization-based, trim procedure was developed to de
termine both the dynamics of the failed (and reconfig
ured) blade, and the flap inputs required to achieve the 
best possible reconfiguration. A very simple aerody
namic model was used for the flap. While this model 
is adequate for a feasibility study, its limitations should 
he kept in mind when evaluating the conclusions of the 
study. 

The main conclusions of the present study are: 

1. The new trim procedure is effective in calculating 
the trim state of the helicopter with the anisotropic 
rotor1 and in providing the stabilizing flap input. 

2. The trailing edge flap is capable of correcting the 
otherwise catastrophic consequences of a pitch link 
failure. The residual 1/ and 2/rev components of 
the hub loads appear to be reasonably small. This 
is accomplished primarily through 1/rev flap inputs. 
The required flap deflections are high, but not un
reasonably so. Adding higher harmonics to the flap 
input does not bring significant benefits. 

3. The flap acts by generating a rigid-body pitching 
motion of the free-floating blade that matches at 
every azimuth the angles that would have been gen
erated by the swashplate input if the pitch link had 
not been severed. The steady-state flapping motion 
of the reconfigured blade is very nearly identical to 
those of the undamaged blades. 

The previous conclusions suggest that, if a helicopter 
rotor is equipped with trailing edge flaps for other pur
poses such as vibration or noise reduction) these flaps 
could be used as emergency control surfaces to help re
configure the flight control system following a failure or 
battle damage. 
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Figure 12: Coupled rotor-fuselage poles for baseline, 
damaged, and reconfigured rotors; advance ratio p. = 
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