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Abstract 

Hingeless and bearingless rotor designs are today well 
accepted for modern helicopters. Compared to articu
lated rotors, hingeless and bearingless rotors show sev
eral advantages like improved flying qualities, reduced 
maintenance efforts and higher reliability. Continued 
development, however, revealed some deficiencies in 
the area of aeromechanical stability and vibration. 
In general there is a good basic understanding how to 
avoid these instabilities. But since it becomes more 
and more desirable to focus rotor design on aerody
namic features and flight performance, aeromechani
cal instabilities gain new importance due to the dif
ficulties of providing the required damping. These 
aeromechanical instabilities are known as ground and 
air resonance. 
Since all rotor concepts suffer from the lack of suffi
cient natural lead-lag or in-plane damping, most cur
rent designs use artificial lead-lag damper. On the 
other hand, active control offers the possibility for an 
artificial stabilization of aeromechanical instabilities, 
becoming a major research activity nowadays. 
The paper shortly repeats the problem of aeromechan
ical instabilities of hingeless rotor-systems. A simple 
model of a hingeless rotor helicopter including flap, 
lag, and pitch as the rotor's DOF's, six rigid body 
DOF's and a dynamic inflow model is used to derive 
the coupled set of differential equations. An ordering 
scheme is applied to reduce the complexity of the sys
tem equations. The main emphasis of this paper is 
to demonstrate the potential of active control and to 
gain physical understanding. A controller using body 
or rotor multiblade states is compared to an Individ
ual Blade Controller. The feedback gains of the two 
control concepts are being optimized for both ground 
and air resonance in hover. Moreover, for the Indi
vidual Blade Controller the gains are being computed 
for an isolated rotor blade and the coupled rotor body 
system. Both sets of feedback gains are compared to 
each other in respect of ground and air resonance in 
hover and forward flight. 

Notations and Abbreviations 

blade hinge offset 
blade chord 
blade lift curve slope 
blade profile drag coefficient 
blade profile moment coefficient 
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structural damping of blade and body 
damping ratio 
fuselage parasite drag area 
feedback gain for state variable Xi 

offset of rotor hub from e.g. 
body moment of inertia 
flap and lag moment of inertia about hinge 
torsional moment of inertia about blade e.g. 
blade and fuselage mass 
static blade moment of inertia 
body rates 
state vector weighting matrix 

rotor radius 
weighting matrix of control inputs 
vector of control inputs 
state vector 
blade e.g. offset from elastic axis 
blade a.c. offset from elastic axis 
body translational coordinates 
flap angle 
blade lock number 
perturbation 
small parameter 
lead-lag angle 
control input 
blade torsional angle 
induced inflow 
advance ratio 
feedback phase {SAS-system) 
real part of an eigen value 
EULER angles 
blade azimuth angle 
rotor rotational speed 
eigen frequency 

collective, differential 
cyclic sine and cosine 
nominal 
8( )j8t 

1 Introduction 

Since the 1960's there has been considerable interest in 
hingeless rotors because of greater reliability through 
mechanical simplification, reduced drag, weight and 
maintenance costs and better handling qualities and 
maneuverability through increased control power [1]. 



To achieve further design simplicity, in recent years 
even bearingless rotors have been successfully devel
oped and applied to many helicopters (EC135, MD 
Explorer, Bell 430). Important parameters in de
signing hingeless/bearingless rotors are blade flapping 
and lagging frequencies [2, 3]. A flap frequency of 
1.10-1.15/rev was typical for the first successful hin
geless rotors. The current trend is to require lower 
flap frequencies of about 1.06-1.08/rev, favourable for 
reduced vibration and gust response and minimizing 
adverse handling qualities effects at high speed. Re
garding the lead-lag frequency, the rotor system can 
be devided in two destinct groups : soft-inplane rotors 
with w(/D < 1 and stiff-inplane rotors w(/D > 1. To 
achieve manageable inplane bending stresses and vi
brations, hingeless rotors are usually designed as soft
inplane rotors with a frequency above 0.6/rev and be
low 0.8/rev. However, soft-inplane rotors may be sus
ceptible to certain rotor-body aeromechanical insta
bilities, commonly denoted as ground resonance when 
the helicopter is on the ground and air resonance when 
the helicopter is in flight [4, 5, 6]. Ground resonance 
is caused by coupling of the low frequency regressing 
lead-lag mode with body modes, mainly determined 
by landing gear cbaractersitics. Air resonance may 
occur, if the low frequency regressing lead-lag mode 
couples with airframe pitch or roll mode. In contrast 
to the soft-in plane rotor, stiff-in plane rotors are in gen
eral free from ground resonance, but may show flap
lag-torsion instability of the isolated blade [7, 8, 9]. 
To prevent these instabilities, sufficient lead-lag damp
ing has to be provided. This can be done by sim
ply adding mechanical dampers, leading to higher 
operational costs, or by increasing structural damp
ing, which on the other hand could require sophis
ticated material concepts [10]. Additional damp
ing can be produced by relying on aeroelastic cou
plings. The principal couplings of interest are nega
tive pitch-lag coupling and flap-lag structural coupling 
[1, 11, 12, 8, 13]. But aeroelastic designs must also 
consider variations of configuration or operating con
ditions that may have an adverse effect on the aerome-
chanlcal stability. Finally, Active Control Technology 
(ACT) seems to be an effective approach for artifi
cially increasing lead-lag damping and thus enabling 
the rotor design process to primarily focus on blade 
loads. Using automatic control inputs based on vehi
cle body motion and/or rotor state feedback has be
come highly feasible, since future rotorcraft will find 
available ever more capable electronic and comput
erized control systems. Full authority Fly-by-Wire 
(or even Fly-by-Light) systems can be designed with 
advanced control laws, being able to adapt the heli
copter's response to the pilot's control objectives and 
thus reducing the pilot's workload [14]. Until now the 
safety of flight issues associated with automatic stabi
lization of unstable or weakly damped modes is still 
critical and requires highly redundant control systems 
and quality assurance. But due to rapid advancements 

in these systems, the application of ACT concepts to 
suppress ground and air resonance in future rotor
crafts becomes very likely. 

Several authors examined the possiblities of suppress
ing ground and air resonance by ACT using a con
ventional swashplate [15, 16, 17, 18, 19, 20]. Early 
work was done by YOUNG eta!. [15]. Feedback of roll 
attitude and roll rate was effective in suppressing a 
ground and air resonance instability. Two fundamen
tal studies concerning augmentation of ground reso
nance were performed by STRAUB and WARMBRODT. 
The first extends the result of [15] by analysing var
ious body and rotor state feedback systems and the 
influence of control feedback gain and phase on the 
instability [16]. In the second paper linear optimal 
control theory for an articulated rotor helicopter was 
applied. The gains were obtained from the solving 
RICATTI's equation. Choosing appropriate feedback 
signals from this full state compensators, resulted in 
sufficient lead-lag damping of the closed loop system 
throughout the considered rotor speed range [17]. 
TAKAHASHI and FRIEDMANN (18, 19) studied active 
control of air resonance in hover and in forward flight. 
A comparison of full state feedback and partial state 
feedback was made. It was found out that partial feed
back of body states does not seem to be a reasonable 
approach to control air resonance of hingeless rotors. 
An additional study to augment ground resonance in
stability was performed by KESSLER [20]. Different 
controllers using multi-variable feedback of rotor and 
body states were designed for stabilization of ground 
resonance at two critical rotor speeds. Applying these 
controllers to the helicopter in hover led to a dramatic 
destabilization. Considering a nonlinear landing gear, 
the transient behaviour from ground to air at high 
thrust levels could be analyzed. Again, the system 
became dramatically unstable by using the controllers 
optimized for the linear system. 

To alleviate the conventional helicopter's perfor
mance1 vibrations and noise limitations, new control 
technologies are presently at various stages of develop
ment, commonly denoted as Higher Harmonic Control 
(HHC) [21, 22, 23]. HHC offers the possibility of mod
ifying the higher harmonic content of the blade's lift 
distribution and can be implemented in two ways : 

• Through the conventional swashplate actuators 
(SPC) by adding sinusoidal inputs to the collec
tive and cyclic flight control inputs. 

• Directly in the rotating system through individ
ual blade actuators (IBC). Since there is no trans
formation of control inputs in the rotating sys
tem, only IBC will allow control of all harmonics. 

IBC can be easily extended to augment blade sta
bility problems by sensing individual blade states in 
the rotating system. Important work was done by 
N.D. HAM and R.M. McKILLIP (24, 25, 26, 27, 28, 
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29]. The applications of IBC were investigated an
alytically as well as experimentally [30, 31]. The 
companies EUROCOPTER DEUTSCHLAND and ZF
L UFTFAHRTTECHNIK are working on an incorporation 
of IBC in helicopters. Flight and wind tunnel testing 
at NASA-Ames Research Center was done with a Bo 
105 helicopter [32, 33]. The different purposes of IBC 
are: 

o gust alleviation, 
o blade stall suppression, 
• vibration and noise reduction, 
o blade bending stress limitations, 
• flapping stabilization at high advance ratios and 

• lead-lag damping augmentation. 

REICHERT and ARNOLD (34] picked up the idea of 
controlling ground resonance through a conventional 
swashplate and compared these results with an IBC 
approach. The four bladed hingeless rotor was mod
elled similar to [16]. The first approach was realised 
by body pitch feedback and resulted in a stabilization 
of the critical mode. Regarding the isolated lead-lad 
mode, the IBC concept could easily increase damping 
but, by considering the coupled rotor-body system, re
sults for suppression of ground resonance were rather 
poor. 
In a next step KESSLER [35] discussed the use of IBC 
to augment rotor lead-lag damping in hover and for
ward flight. Feedback of lead-lag rate and deflection 
were useful to highly damp the lead-lag motion. 

Since the results for the isolated blade are very promis
ing, the aim of this paper is to further investigate the 
potential of IBC concepts for stabilization of ground 
and air resonance in hover and forward flight. There
fore, in comparison to [34], a more sophisticated cou
pled rotor-body system is considered. For both cases, 
ground and air resonance, the results are compared to 
controllers using the conventional swashplate. Thus, 
a case oriented evaluation of different control concepts 
is possible. 

2 Mathematical Model 

The spatial helicopter model and the 3DOF flap-lag
torsion model of the hingeless rotor blade can be seen 
in Fig. 1. The blade is assumed rigid rotating against 
linear springs and dampers about a common hinge, lo
cated a distance a out of the rotor axis. This assump
tion simplifies the equations of motion, while retain
ing the essential features of ground and air resonance 
[36]. The hinge sequence is lead-lag inboard, flap and 
torsion outboard. The flap deflection j3 is positive up, 
lead-lag ( positive forward (in direction of rotation) 
and torsion e is positive nose up. Structural flap-lag 
coupling and precone are modeled but set to zero in 
this study. Linear twist of the blade is neglected. The 
rotor hub is located directly above the fuselage e.g .. 

The fuselage is represented as rigid body with six de
grees of freedom, three linear translations and three 
angular positions, roll, pitch and yaw. The aerody
namic forces on the fuselage are represented by an 
equivalent flat plate drag. Horizontal or vertical stabi
lizers are not included. For ground resonance analysis 
a linear modeled landing gear is included. It consists 
of three linear springs and dampers for the rotational 
body modes and three linear springs and dampers for 
the translational body modes. 
The aerodynamic loads of the rotor blades are based 
on a quasi-steady approximation of GREENBERG's un
steady theory for low reduced frequencies. Thus, the 
lift deficiency function is taken to be unity. Unsteady 
aerodynamic effects are accounted for by using a dy
namic inflow model, suitable for representing the low 
frequency unsteady aerodynamics in ground and air 
resonance analysis [19, 37, 38]. This simple model 
assumes that the inflow perturbations would respond 
with a first-order time lag to perturbations in the ro
tor loads. In the present paper, the model of PITT 
and PETERS [39] is used. Compressibility, dynamic 
stall effects and reverse flow are neglected. 
The differential equations are being derived by apply
ing D' ALEMBERT's principle. The equations of mo
tion of the coupled rotor-body system are very large 
and contain nonlinear terms. To simplify the final set 
of equations and to retain only the important terms, 
an ordering scheme is used [19, 36]. The ordering 
scheme is based on the assumption that 

0(1) + O(c:2
) "'0(1) , (1) 

which states that terms of order c:2 are negligible com
pared to terms of order unity. The quantity c: is a non
dimensional parameter, which quantifies the meaning 
of a small parameter. A quantity is meant to be small, 
if it reaches values between 0.1 < c: < 0.2. 
The symbolic manipulation programm REDUCE is 
used to generate the nonlinear equations of the rotor
body system, consisting of six fuselage equations and 
three rotor blade equations for eaCh blade. In addi
tion, the aerodynamic thrust, roll and pitch moments 
at the hub center are determined for the perturbation 
aerodynamics in the dynamic inflow model. For stabil
ity analysis, the set of equations is linearized about a 
blade equilibrium solution and a helicopter trim solu
tion, extracted simultaneously by using harmonic bal
ance. Propulsive trim determines the free flight equi
librium solution and requires the calculation of pilot 
settings fJo.f!o,{!s, as well as the vehicle motion and 
orientation. This study is restricted to level flight. 
Moment trim is used for prescribed pilot settings and 
vehicle orientation, offering the possibility to analyse 
the system stability under more academic conditions. 
After linearization, a multi blade transformation is ap
plied, which transforms the set of rotating blade de
grees of freedom to a set of hub fixed non-rotating 
coordinates [40, 41]. For a four bladed helicopter with 
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flap-lag-torsion rotor blade model, this is done by 

!3k /3o + /3ccos1/Jk + /3ssin1/Jk + /3d(-1)\ (2) 

(k = (o + (ccos'I/Jk + (ssin'I/Jk + (d( -1)k, (3) 

ek = 8o + 8ccos'lj;k + 8ssin1/Jk + ed( -1l. (4) 

This transformation is particularly advantageous in 
analysing stability of coupled rotor-body systems. In 
hover, the transformed system has constant coeffi
cients (assuming all blades identical) and it decouples 
the set of equations in a collective, a differential and 
cyclic part. It reduces the periodicity in the equa
tions, making constant coefficient analysis possible at 
low advance ratios. Besides, it provides a better phys
ical interpretation of the results than individual blade 
degrees. Finally, an active control device has to be 
incorporated in the mathematical model. The pitch 
of the k-th rotor blade is given by 

>Jk (>Jo + ~>Jo) + (>Jc + ~>Jc) cos'I/Jk 

(5) 

The terms with ~ are small and represent the active 
control inputs, while the others are the pilot settings. 
Note, that through implementation of an differential 
contol input ~>Jd, individual blade control can thus 
be achieved in the non-rotating system [25]. 
After a state space transformation, the system is 
rewritten in first order form and consists of 39 states, 
inclusive of the three states for the dynamic inflow 
model .l.;o, Aic, AiS (the perturbation symbol~ for the 
states and the controls is neglected) : 

(6) 

with the states lf = [8o,8c,8s,8d,/3o,/3c,/3s,/3d,(o, 
(c, (s, (d, X, y, z, ~' e, w' AiD, Aic, Ais, ilo, Be, iJs, iJd, . . . . . . . . T 
/3o,/3c,/3s,/3d,(o,(c,(s,(d,x,iJ,z,p,q,r] and four 
control inputs 'lf = [>J0,1Jc,>Js,>Jd]r. A('lj;) is the 27f
periodic system matrix and B(,P) is the 21r-periodic 
control matrix. 
Stability can now be determined by using either an 
eigenvalue analysis or FLOQUET theory for the peri
odic problem in forward flight [41]. The FLOQUET 
transition matrix is computed numerically, using a 
fourth order RUNGE-KUTTA procedure. The eigen 
values of the transition matrix are the characteristic 
multipliers. With these characteristic multipliers, the 
characteristic exponents >. = " + j w, j = A can 
be calculated except an integer multiple of 1 in the 
imaginary part. In hover, the system matrices show 
constant coefficients and the eigen values can be com
puted directly from the system matrix A. Since the 
imaginary part must change smoothly by increasing 
!' the right eigen frequency can be figured out from 
the hover value. The system is stable, if for all eigen 
values CJ < 0 holds. 

Rotor Data 

R 4.9m n 44.5/s 

NBl 4 Caa 5.9 

IBl 0.19 Cdo 0.01 

MEl 0.36 Cmo -0.02 

mBz 23.4kg "! 5.0 

Io 0.0001 w~ 1.12 

a 0.15 w, 0.67 

c 0.055 we 3.2 

Yc 0.0 YL 0.0 

d/3 0.0 d( 0.5% 

do 0.0 

Fuselage Data 

h 0.3 inF 1906.4kg 

f 0.8 I,, 2.5 

fyy 8.5 f::.z 7.3 

fxz 1.2 Wx 29/s 

Wy 46/s w, 27/s 

W<f> 19.16/s we 11.68/s 

ww 23/s d, 3% 

dy 3% d= 3% 

d<t> 3% de 3% 

dw 3% 

Table 1: Data of Nominal Configuration 

3 Stability Results 

The data used in this study correspond to a four 
bladed soft-in plane helicopter somewhat similar to the 
MBB Bo 105. REICHERT and ARNOLD [34] analyzed 
a similar helicopter, but did not consider the torsional 
flexibility of the rotor blade and the effects of dynamic 
inflow, which are meant to be important for ground 
and air resonance [19, 37]. Furthermore, a conven
tional landing gear was modeled, resulting in a higher 
stiffness and therefore in higher body frequencies. As 
a consequence, the lead-lag regressing mode coalesces 
with body pitch or roll mode far beyond the nominal 
rotor speed. In this paper the more interesting case 
of a helicopter Bo 105 with high landing gear is used, 
see [20]. Thus, the rotor has to pass the critical ro
tor speed, being speeded up to nominal rotor speed. 
The data of the nominal configuration are listed in 
Tab. 1. Non-dimensionless parameters can be distin
guished from dimensionless by the bar n. 
The low body frequencies result in a coalescence 
of regressing lead-lag with the body pitch mode at 
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!1 = 93% !1nom and with the body roll mode at 
!1 = 109% !1nom· In Fig. 2 the real part of the iso
lated blade lead-lag motion and regressing lead-lag of 
the coupled rotor-body system is plotted versus the 
lead-lag structural damping a, for medium thrust and 
full thrust at !1 = 93% !1nom· As can be seen the 
chosen value d<,nom = 0.5% is not sufficient to avoid 
a ground resonance instability, whereas the isolated 
blade will not have stability problems. If the heli
copter is in hover, air resonance instability is only 
possible for values a, < 0.15%. Therefore, regressing 
lead-lag of the nominal configuration will be slightly 
damped in hover. Although, increasing thrust will in
crease damping of the isolated blade, damping of the 
coupled rotor-body system will decrease, especially for 
the helicopter on ground [42]. 
In Fig. 3 an eigen value calculation for the helicopter 
on ground was performed in a rotor speed range from 
0% to 120% at zero thrust. The eigen modes were 
identified at nominal rotor speed. The 39 states result 
in 19 complex conjugated values and one real eigen 
value for the collective part of the dynamic inflow. The 
typical curve for the lead-lag regressing mode can be 
clearly identified. The curve for the progressing lead
lag mode is not fully visible. The collective lead-lag 
mode couples with body yawing mode. The curve for 
the differential lead-lag mode is very similar to the 
collective lead-lag, but of lower frequency. Further
more, the figure shows highly coupled low frequency 
eigen modes for regressing flap and dynamic inflow 
[43]. Because of the influence of centrifugal forces, 
the remaining flapping modes (30 ,(3prog, f!a rise faster 
with varying rotor speed, compared to the lead-lag 
modes. Due to the higher frequencies, the torsional 
rotor modes are not visible. The body longitudinal 
and lateral translations couple with lead-lag cyclic 
modes, whereas the body vertical translation couples 
with collective flap. Another coupling of rotor and 
body modes exits between body roll and pitch mode 
with cyclic flap. The relatively low eigen frequencies 
of the body pitch e I /3c and roll mode iJ> / f3s leads to 
a coalescence of the regressing lead-lag mode at 93% 
and 109% !1nom, respectively. Another coalescence 
occurs beyond 120% !1nom, but will not be discussed, 
in detail. At the above mentioned rotor speeds, the 
coupling between regressing lead-lag and body rota
tional modes results in an instability characterizing 
the ground resonance case. Consequently, the weaker 
damped eigen mode will be destabilized and the better 
damped eigen mode will be stabilized. This is illus
trated in the figure by the opposite peaks for the real 
parts at resonance rotor speed. Similar results are pre
sented in [20, 44]. Although, for hingeless rotor blades 
the body pitch and roll mode are coupled with flap
ping, the landing gear stiffness characteristics domi
nate these body frequencies. On the other hand, aero
dynamic forces provide effective rotor-body damping 
somewhat analogous to landing gear dampers [10]. 
In Fig. 4 an eigen analysis was performed for the he-

licopter in hover for moment trim at {)0 = 0°. Since 
in case of moment trim thrust must not compensate 
helicopter weight, rotor speed could be varied again 
from 0% to 120%. The curves for rotor flap and lead
lag eigen frequencies resemble the curves in Fig. 3, ex
cept rotor flap regressing mode. This is typical for the 
airborne state, since loosing ground contact the influ
ence of the landing gear vanishes. Thus, the body roll 
and pitch modes are determined by a strong coupling 
with regressing flap mode. The regressing flap mode 
cannot be clearly identified, but two oscillatory body 
pitch and roll modes with high content of regressing 
flap arise. These coupled eigen frequencies are mainly 
determined by the blade flap stiffness and body iner
tias [42, 45, 46]. In addition, the high damping of the 
cyclic flapping mode enters into the system dynamics, 
acting in some respect like body damping [2]. Above 
the cross-over rotational speed at !1 = 26.51 s, there 
exist two rotor speed ranges where a coalescence be
tween regressing lead-lag and body modes leads to a 
destabilization. Lead-lag regressing couples with body 
pitch 0 I /3c at about 70% !1nom and with body roll 
if!l/3s at 92% !1nom· The last case is of higher inter
est, if realistic operating conditions in flight are inves
tigated. Both couplings are not as severe as for the 
helicopter on ground. This could be an effect of the 
lower body frequencies in air, which typically tends to 
weaken aeromechanical instability. In addition, body 
roll mode if! I fJs at 92% !1nom shows higher damping 
levels compared to the body pitch mode on ground. 
This again leads to a less intensive coupling for the 
helicopter in air. 
Fig. 5 shows the weakly damped eigen modes of the 
helicopter in hover for a rotor speed range from 80% 
to 120% !1nom, using propulsive trim. This rotor 
speed range seems to be more realistic, if rotor speed 
optimization in future rotorcrafts will become avail
able [14]. The modes are denoted by using conven
tional flight mechanics notations. As already been 
discussed in Fig. 1, the real part of lead-lag regress
ing at frequency coalescence with body roll mode for 
92% !1nom is still negative and therefore the helicopter 
is free from air resonance. The critical damping value 
of regressing lead-lag for this configuration in hover 
is n, = 0.8%. Phugoid and Dutch Roll are almost 
of same frequency, whereas Spiral and Vertical are 
aperiodic motions. A weak instability exists for the 
Phugoid, typical for a helicopter in hover [41, 4 7]. 
The Dutch Roll is slightly stable and the Spiral is less 
damped than the vertical motion. 
To analyze the behaviour in forward flight, Fig. 6 
shows the real part of the lead-lag motion for the iso
lated blade and regressing lead-lag versus the advance 
ratio. The stability of the isolated blade was deter
mined in the rotating frame. The lead-lag damping of 
the isolated blade starts at a moderate value in hover 
and decreases to a minimum value at p, "' 0.22, be
fore increasing for advance ratios beyond this value. 
Regarding an isolated blade, a flap-lag-torsion insta-
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blity can occur, but usually this is only a problem to 
stiff-in plane rotors. The present system models a soft
in plane rotor, which is stable within the whole flight 
regime. The curve's characteristic corresponds to the 
power required curve of a helicopter. In contrast to 
the isolated blade, lead-lag regressing damping starts 
at a value four times smaller and nearly monotonly 
increases with advance ratio. Consequently, the char
acteristics of both curves differ extremly for advance 
ratio below p, = 0.3. Since the body and lead-lag fre
quencies do not change with increasing advance ratio, 
this different behaviour of the coupled rotor-body sys
tem might be caused by increased body damping. In 
fact, especially body roll damping also monotonly in
creases in this range of advance ratios and thus resem
bles the curve for regressing lead-lag damping. On the 
other hand, for advance ratios beyond p, = 0.3 regress
ing lead-lag damping seems to be more dominated by 
the behaviour of the isolated blade. 

The remaining part of this paper deals with the po
tential of active control to suppress ground and air 
resonance. For the present configuration, ground res
onance is possible for a rotor speed off! = 93% flnom· 

Different active controller will be optimized for this 
interesting case being within the range of operating 
conditions on ground. The helicopter in airborne con
dition does not encounter air resonance instabilities. 
Therefore, different controllers will be optimized for 
the case of minimal regressing lead-lag damping at 
51 = 92% flnom in hover and forward flight. The be
haviour of the closed loop system with varying rotor 
speeds will be analyzed. 

3 Active Control to Suppress Ground 
and Air Resonance 

In the following paragraph the possibilities and mech
anisms of suppressing aeromechnical instabilities are 
discussed. In order to select promising control struc
tures, the impact of control inputs on the rotor and 
body eigen modes as well as the links between these 
two subsystems has to be considered. This will help 
to gain physical insight in rotor dynamics and to eval
uate the effectiveness of different control loops. 
Fig. 7 provides a general scheme of rotor body inter
actions and summerizes feasible concepts to overcome 
aeromechanical instabilities. 
The fundamental objective of any solution is to control 
the rotor and body eigen modes involved in the insta
bilitites by changing blade pitch. The first possibility 
arises, if fuselage states are fed back to the conven
tional swashplate actuators (SPC). Since the collective 
control input is merely able to control ground and air 
resonance, it can be neglected [19]. It is common stan
dard to measure body states such as pitch or roll rate 
and feed them back to the cyclic control inputs. Imple
mented in many modern helicopters, such means are 
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designated as Stability Augmentation Systems (SAS). 
In general their objective is to improve stability and 
handling qualities. These systems are mostly designed 
as limited authority low frequency devices in order to 
prevent interferences with rotor dynamics. According 
to STRAUB and WARMBRODT [16}, basically two con
trol pathes exist that can influence rotor and body 
eigen modes through the conventional swashplate : 

• The fuselage pitch and roll motion can be con
trolled through rotor pitch and roll moments aris
ing from flapping. The magnitude of each is di
rectly related to the equivalent blade root hinge 
offset and blade flapping stiffness. 

• Lead-lag damping augmentation through CORIO
LIS coupling with blade flap motion. This requires 
either steady blade coning or built-in precone. 

Thus, feeding back body modes to cyclic control in
puts can influence rotor and body dynamics through 
rotor flapping. On extending the bandwith up to fre
quencies which is relevant for ground and air reso
nance, i.e. body roll/pitch or regressing lead-lag, those 
instabilities can be supressed. The use of SAS for sta
bilizing aeromechanical instabilities is definitely ad
vantageous, since the whole control system is located 
in the non-rotating frame and many parts of classi
cal SAS hardware is available. A fundamental study, 
dealing with such an augmentation system for ground 
and air resonance, is described in [15]. To further sta
bilize the system, feedback signals of multiblade rotor 
states can be used in addition [16, 20]. The system is 
considerably stabilized but adverse effects, like wors
ening of handling qualities or destabilizing of other 
rotor eigen modes have to be accounted for by reduc
ing gains or inclusion of filters into the feedback loop. 
Finally, if all states of a helicopter are fed back, the 
results will be the best [17]. This full state feedback 
is often called Optimal Control (OC). The gains are 
analytically determined by solving the matrix RIC

CAT! equation. The optimal control theory requires 
the knowledge of all rotor, body and dynamic inflow 
states, which results in an excessive hardware expense. 
This is not feasible as a practical solution. To over
come this disadvantage, an observer based controller 
design may be applied, reducing the amount of sens
ing. The unmeasured states must be accurately esti
mated by the observer using a simplified model of the 
plant. If the model differs seriously from the real, com
plex system, the closed loop system might encounter 
severe problems. 
As mentioned above, the mechanism of SAS is mainly 
based on an influence of body modes through rotor 
flapping. Another way to augment the stability of 
the lagging motion is to control the individual blade 
through: 

o CORIOLIS forces 

• rotor inplane aerodynamic forces [34]. 
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The latter could not effectively be controlled using 
cyclic contrails of the conventional swashplate. Sev
eral companies are engaged in developing actuators 
located in the rotating frame to control blade pitch in
dividualy. Primary objective of the R&D efforts is the 
implementation of Higher Harmonic Control (HHC) to 
reduce vibration, noise and to improve performance. 
HHC with actuators in the rotating system has several 
advantages and does not limit its full potential to He
licopters with 3 or less blades [23, 32]. Of course, HHC 
is not able to definitely influence system stability, but 
as soon as such actuators become reliable, the exten
sion to further control tasks will be practicable. The 
realisation of a ground and air resonance stabilization 
device would not be a problem of actuator band with, 
as signals up to 6!1 were supplied as pitch input. With 
the present state of technology the installation of IBC 
with rotating pitch-actuators attached to the blade's 
root is not considered to enter overall helicopter ser
vice. The system would be too heavy and mechani
cally complex for the civilian aviation [14]. However, 
with the emergence of new technologies and materials 
like smar-t materials and piezoelectric· actuators, the 
helicopter industry realizes that this might be the ma
jor breakthrough in future rotorcraft design through 
rotor active control technology. Within the various 
possibilities of implementing smart materials in the 
individual rotor blades, the actively controlled servo
flap seems to be a feasible solution [48, 49, 50]. 
If the HHC hardware will be used for augmenting the 
stability of the individual blade by feeding back indi
vidual blade states, the control system is denoted as 
Individual Blade Control (IBC) [24, 25, 26, 27, 28, 29]. 
Note, that IBC not only involves the control of each 
blade independently, but also a feedback loop for each 
blade in the rotating system. In these studies the 
different application of IBC to stabilize the isolated 
blade or to improve the system's response behaviour 
are discussed. Ref. [29] particularly deals with the 
rotor blade lead-lag damping augmentation. For sim
plification the authors only investigated the concept 
of controlling lag damping via CORIOLIS forces due to 
pitch-induced flapping. An individual feedback loop 
consisting of lag acceleration sensor, integrator, com
pensator, controller and actuator was related to each 
blade. Although the blade model in this study was 
very simple, the concept of IBC proves to be feasible 
to control lag damping. 
Fig. 7 outlines the essential dynamic links between 
the different subsystems of a helicopter. The flap
ping, lagging and torsion motion of the isolated blade, 
which will arise from blade pitch input, generates 
forces and moments at the rotor hub. Transferred 
into the non-rotating frame these forces and moments 
result in collective and cyclic rotor motion. On the 
other hand, these multiblade eigen modes cause body 
motions that influence the rotor blade motion, and 
vice versa. Thus, IBC has an direct impact on the 
coupled rotor-body system, but primarly controls iso-

lated blade motion. 
REICHERT and ARNOLD [34] analyzed the IBC con
cept for ground resonance suppression. By feeding 
back lead-lag states, the damping of the isolated blade 
could be easily increased. However, including the 
body states for ground resonance calculations, results 
tended to be unfeasible, compared to a SAS concept. 
The investigations of the IBC concept were limited to 
medium thrust condition. 
Therefore, KESSLER [35] discussed the use of IBC to 
augment rotor lead-lag damping in hover and forward 
flight. Considering the most effective forces and mo
ments of a hingeless rotor blade, the model was more 
sophisticated than that of [29]. Feedback of lead-lag 
rate and deflection were useful to highly damp the 
lead-lag motion without significant manipulation of 
rotor dynamics and high control effort. Simple con
troller design for the whole range of advance ratios 
seems to be possible without scheduling of feedback 
gains. 

Therefore, the idea of controlling ground resonance by 
means of IBC is picked up again in this paper. But in 
addition to [34], the investigations are extended to the 
whole flight regime. The results of the uncontrolled 
system reveal a less intensive coupling of regressing 
lead-lag and body modes in airborne condition, which 
might increase effectiveness of IBC for helicopter in 
hover and forward flight. Besides, in all former stud
ies the effect of flap feedback signals to pitch input for 
lead-lag damping augmentation are neglected. It is 
expected that at least the coupled regressing lead-lag 
and body eigen modes can be influenced through flap
ping induced roll and pitch moments, similar to the 
mechanism of SAS. For evaluation of effectiveness the 
IBC results are compared to SAS results. To get an 
idea of the impact of the body modes to the design of 
feasible IBC controllers, results for the isolated blade 
will also be considered. 
Optimization of the SAS and the IBC controllers for 
the isolated blade is done by applying optimal output 
vector theory [51, 52]. The computer program used 
for determining the gains is described in [53]. A lin
ear quadratic performance index penalizes the entire 
state vector and control time history. Every state may 
be penalized although only output variables are fed 
back: 

J = ["" (:r_T Q :[_ + Y.T Ry_) dt. (7) 
lo -

The weighting matrices Q and R have to be deter
mined favourable for the given control problem. 
The IBC controllers for the coupled rotor-body system 
are optimized using root loci diagrams. Thus, the ef
fect of the different feedback signals on the system can 
be evaluated. This was found to be important for the 
present paper, since no comparable studies are avail
able. 
The design objective for all controllers is to maximize 
system stability of the coupled rotor-body system or to 
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augment lead-lag damping of the isolated blade, and 
to keep the effect on the system's eigen frequencies 
low. In addition, the control effort has to be limited 
and balanced for comparable controllers. The control 
vector is defined as : 

(8) 

where G is the gain matrix and C the output matrix. 
Hence,the closed loop plant matrix becomes 

(9) 

3.1 Helicopter on Ground 

Fig. 8 compares open and closed loop eigen values 
in the complex plane for the helicopter standing on 
ground. Thrust to weight ratio was set to 50% and 
rotor speed to 93% nnom. Four different controllers -
two of each kind - are being compared. The SAS ap
proach uses pure roll and pitch rate for the first con
troller and in addition cyclic multi blade lead-lag states 
for the other controller, mentioned to be stabilizing in 
[16, 54]. The cyclic lead-lag modes can be derived 
from mast shear-forces or blade bending moment sig
nals [14]. The two Individual Blade Controllers make 
use of lead-lag states, and lead-lag and flap states, re
spectively. These signals can be measured directly by 
the use of tension straps or can be generated from de
flection and acceleration signals [31]. 
The open loop system shows an unstable eigen value 
in the right part of the complex plane, denoted as 
lead-lag pitch coupling (reg/e. This characterizes the 
ground resonance case, which arises due to the cho
sen value of structural lead-Jag damping d( = 0.5%. 
All four controllers stabilize the former unstable eigen 
mode. The SAS-controllers do not affect most of the 
eigen values, since the feedback gains remain small. 
Especially for the simple p-q-controller high gains 
could be problematic, since progressing lead-lag (prog 
is destabilized [46, 20]. This simple controller slightly 
stabilizes both, the (reg/e and thee /(reg eigen mode. 
The second SAS-controller results in further regressing 
lead-lag damping, since more states are being fed back. 
But unlike the simple SAS-controller, the body mode 
e I (reg is slightly destabilized. This shift in damping 
between the two coupling modes is caused by an arti
ficial decoupling of these eigen modes. Compared to 
SAS, IBC shows less closed loop damping. Feeding 
back only lead-lag states (, ( leads to a stabilization 
of nearly all modes. This is due to the kinematic cou
pling of lead-lag and flap mode on the one hand and 
the coupling of rotor flap and body modes on the other 
hand. The reached damping level of regressing lead
lag (reg/e is below the level of the p-q-controller. The 
eigen frequency of the pitch mode e /(reg is shifted 
to lower values. Again, the more states are being fed 
back, the better the results. However, the second IBC
controller with (, (, (3, /3-feedback signal does not reach 

the damping level of the second SAS-controller. Note, 
that the lead-lag gains for both IBC-controllers are 
the same. This time, the flap eigen values are shifted 
towards higher damping levels without changing the 
eigen frequencies significantly. This is a direct conse
quence of the /3-feedback signal. Due to the coupling 
of rotor flap and body modes, the body pitch mode 
e /(reg is as well affected by this contoller. But un
like before, the damping of body pitch mode is de
creased. This effect is somewhat similar to the influ
ence of the second SAS-controller. Body damping is 
shifted back between the coupled regressing lead-lag 
and body pitch mode. 
In [34] equivalent results concerning effectiveness of 
IBC are mentioned. The authors realized that feed
back of lead-lag modes can merely stabilize ground 
resonance. But an interessting new aspect is that feed
ing back isolated flap states could further contribute 
to the system's damping level without affecting over
all system dynamics. 
The SAS concept seems to be favourable for suppress
ing ground resonance. Even higher damping levels 
are possible, if the gains of the controller are further 
increased. The gains and phases of the SAS- and IBC
controllers are presented in Tab. 2, at the end of this 
paper. 

Fig. 9 shows the real part of the open and closed 
loop system for regressing lead-lag or body modes 
involved in ground resonance versus rotor rotational 
speed. Out of these modes only the least stable is 
plotted. All controllers optimized for n = 93% nnom 

are unable to suppress ground resonance in the an
alyzed range of rotor speeds, generally even itensify
ing instabilities at different coupling points. Schedul
ing of gains and phases is needed to guarantee sta
bility with varying rotor speed. For the SAS con
cept controller design with additional feedback loops 
might be successful in stabilizing the system in the 
whole range of rotor speeds without scheduling of 
gains and phases [20]. This seems to be more compli
cated for IBC-controllers, since the influence of the dif
ferent feedback loops on the coupled rotor-body modes 
changes extremly especially in case of flap states for 
varying rotor speed. Thus, the (, (-controller results 
in better damping levels at n = 109% nnom· But 
Fig. 9 also clarifies that this simple IBC-controller 
only slightly improves system damping, but mainly 
results in a frequency shift of coalescence points. For 
rotor speeds where the interaction of body modes and 
lead-lag regressing is low, damping levels of the IBC
controllers are better than the SAS-controllers, for 
example around nominal rotational speed nnom = 
44.5/s. 

Fig. 10 presents time history results of the isolated 
blade and the coupled rotor-body system for open and 
closed loop. A comparison of the simple(, (-controller 
for both systems is made. Lead-lag angle is given in 
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the rotating system. As discussed before, the damp
ing ratio D( = 1.2% of the isolated blade at F /mg = 
50% without feedback is not sufficient to avoid ground 
resonance. Closing the feedback loops with the gains 
optimized for the coupled rotor-body not only stabi
lizes the coupled rotor-body system, but also increases 
damping ratio of the isolated blade to 1. 78%. The 
gains optimized for the isolated blade even results in 
a damping ratio of 5.54%. This value achieved by me
chanical lead-lag damper would be sufficient to avoid 
ground resonance. However, including fuselage mo
tion, the feedback gains determined for the isolated 
blade reduces damping of the coupled rotor-body sys
tem. Comparing the sets of gains for both cases, it 
can be seen that the sign of G( is opposite, indicat
ing a phase shift of 180° for the lead-lag angle re
sponse. This result disproves the idea of optimizing 
an IB C system for the isolated blade will succeed in 
suppressing instabilities of the coupled rotor-body sys
tem. At least for ground resonance with its strong 
interaction between body and regressing lead-lag mo
tion this methode is not suitable. In [34] similar re
sults are stated, except for the closed loop damping of 
the isolated blade with gains chosen for the coupled 
rotor-body system. Contrary to the present paper, 
the isolated blade was destabilized, very likely to be 
caused by the different configuration of the model. 

This paragraph outlines that ground resonance can be 
improved through the use of IBC, but the considera
tion of an isolated blade is not suitable. Compared to 
an SAS approach, the results are poor. 

3.2 Helicopter in airborne state 

Fig. 11 compares open and closed loop eigen val
ues in the complex plane for the helicopter in hover. 
Propulsive trim at 92% llnom has been used. Again, 
four different controllers with the feedback loops dis
cussed in the previous paragraph are being compared. 
All controllers stabilize the regressing lead-lag mode, 
but in opposite to the helicopter standing on ground 
the SAS-controllers show lower closed loop damping. 
Starting with a damping ratio of 0.8% in the open loop 
case, the simple p-q-controller increases the damping 
ratio to 1.3%, whereas the second SAS-controller im
proves damping ratio to 3.0%. Compared to ground 
resonance, the effectiveness of the SAS-controllers is 
reduced and gains must be higher. On the other hand, 
body modes are mainly determined by the flapping 
characteristics. Thus, swashplate pitch inputs caused 
by SAS feedback loops have an increased impact on 
the body modes. In combination with the high gains 
this can result in extremly modified handling quali
ties of the helicopter. To lower the effect of the SAS
controllers on the body modes, filters have to be imple
mented in the feedback loops. Especially for the sec
ond SAS-controller with cyclic lead-lag states feedback 

signals controller design without filters definitly seems 
not to be possible. The filters used for the present pa
per are not suitable enough to prevent the impact on 
the eigen frequency of the pitch mode e / f3c. Addi
tional filters could also weaken the destabilization of 
the progressive flap mode. For the helicopter in air
borne condition the IBC concept is preferable. Even 
with the simple (,(-controller the damping ratio is 
increased to 8.8%. The effect on the low frequency 
body eigen modes and roll mode is negligible. Except 
for the pitch mode, since this simple controller leads 
to a destabilization and a rise in eigen frequency. This 
influence is considered as an important constraint for 
further (, (-controller designs. The flap eigen modes 
are also affected by a decrease in damping and eigen 
frequency. To overcome these disadvantages of the 
(,(-controller, additional feedback of flap states can 
be implemented in the controller design. This second 
IB C-controller does not affect overall system dynam
ics and increases damping of nearly all eigen modes. 
Note that for all IBC-controllers no filter design was 
considered. The damping ratio of regressing lead-lag 
is increased to 17.0%, questionable to be possible for 
both SAS-controllers. The gains and phases of the 
SAS- and IBC-controllers are presented in Tab. 3. 
This investigation clarifies that IBC is very effective 
for augmenting regressing lead-lag damping in air
borne condition. This is due to a less intensive cou
pling of body and regressing lead-lag mode. Thus, the 
damping of the lead-lag motion is mainly determined 
by the isolated blade damping, favourable for the ap
plicability of the IBC concept. Furthermore, the effect 
on body modes is small. Additional feedback signals 
of flap states increases damping of all modes, inclusive 
of regressing lead-lag, and is able to overcome prob
lems with system dynamics. 
Fig. 12 shows the real part of the open and closed 
loop system for regressing lead-lag or coupling body 
modes versus rotor rotational speed for the helicopter 
in hover. Out of these modes only the least stable is 
plotted. The simple p-q-controller could nearly main
tain the improved but still low damping level in the 
whole range of rotor speeds. Contrary, the second 
SAS-controller even gets less stable compared to the 
open loop case for rotor speeds above ll O% !!==· 
Again gain scheduling or different controller designs 
might be a solution for this problem. Since the rise 
in damping is enormous for the IBC-controllers, gain 
scheduling is not necessary. Although the damping 
level decreases for both lEG-controllers if rotor speed 
goes down, the system is still more stable than in 
open loop case. For rotor speeds above nominal ro
tational speed llnom = 44.5/ s damping ouly slightly 
decreases. It is obvious that the (,(,(3,,8-controller 
reduces the coupling of body modes and regressing 
lead-lag at 92% llnom, since damping levels of both 
lEG-controllers are nearly the same for rotor speeds 
where no frequency coalescence exist. Consequently, 
feedback of flap states primarily influence body and 
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of course flap eigen modes and only secondly lead-lag 
motion through kinematic flap-lag coupling. 
In Fig. 13 open and closed loop regressing lead-lag 
damping is plotted versus the advance ratio J.1. at 
92% llnom, applying the gains optimized for hover. 
The closed loop system with the simple p-q-controller 
is less damped than the open loop system beyond ad
vance ratios of 0.2. The second SAS-controller sta
bilizes the system for all advance ratios. Starting 
with its hover value, damping decreases first to a lo
cal minimum at J.1. = 0.1, then the curve resembles the 
curve for the open loop case. Both IBC-controllers 
provide high damping levels throughout the whole 
flight regime. Of course, the enormous damping mar
gin for the design point cannot be maintained in for
ward flight, although the decrease in damping for 
medium advance ratios is less intense for the sim
ple (,(-controller. The local minimum for the (, (
controller is found at J.1. = 1.8 and for the (, (, /3,/3-
controller at J.1. = 2.6. The rise in damping for ad
vance ratio beyond the local minimum is stronger than 
for the SAS-controller. Thus, the regressing lead-lag 
damping curves of the IBC systems look somehow sim
ilar to those of the isolated blade. 
Since the results for the IBC concept are very promis
ing, further investigation has been done for this ap
proach. 
In Fig. 14 closed loop damping for the lead-lag mo
tion of the isolated blade and regressing lead-lag is 
plotted versus advance ratio at 92% llnom· Lead
lag damping of the isolated blade has been obtained 
by optimizing two controllers - one for (, (- and the 
second for (,(,/3,/3-feedback- for the isolated blade. 
Again, the design point for the controllers is the hov
ering helicopter. Thus, both closed loop systems -
isolated blade and coupled rotor-body system - can 
be directly compared. The gains for both systems are 
presented in Tab. 4, at the end of this paper. In hover, 
the closed loop sytems of the isolated blade are bet
ter damped than the coupled rotor-body system with 
(,(,/3,/3-controller. However, the decrease in damp
ing for medium advance ratios is more intense for the 
isolated blade. Thus, the curves of regressing lead-lag 
damping get closer to the curves of lead-lag damping 
increasing the advance ratio. Comparing the gains of 
the IBC-controllers for both systems, it is obvious that 
regressing lead-lag dynamics are mainly dominated by 
the characteristics of the isolated blade, at least for the 
hover design point. Contrary to ground resonance, all 
gains show the same sign and furthermore approxi
mately the same value for deflection feedback. These 
results recall the idea to optimize an IBC-controller 
for an isolated blade and applying the gains to the 
coupled rotor-body system. 
This has been done in Fig. 15, which shows regressing 
lead-lag damping versus advance ratio at 92% flnom· 

The IBC-gains have been optimized for the isolated 
blade in hover. Both IBC-controllers result almost 
in the same damping levels compared to the damp-

ing level caused by the gains for the coupled rotor
body system. In case of(, (-feedback regressing lead
lag motion is slightly better damped for the gains of 
the coupled rotor-body system. For additional flap 
state feedback the isolated blade gains even result in 
higher regressing lead-lag damping. But due to the 
lower gains of the flap states, the impact of the (, (
feedback on other eigen modes, especially the pitch 
mode 0/f3c, is not avoided. Actually, in the present 
case this impact on the pich mode is very low and 
probably tolerable. 
Finally, Fig.16 presents closed loop damping for the 
lead-lag motion of the isolated blade and regressing 
lead-lag damping versus advance ratio at 92% flnom· 

The gains are optimized for three advance ratios, i.e. 
hover case, J.1. = 0.2 and J.1. = 0.4, for both, isolated 
blade and coupled rotor-body system. To get conti
nously gain scheduling, the gains are approximated by 
a quadratic function, using these three optimization 
points. The curves for a, of both systems as well as 
the curve for a ( of the isolated blade are parabolic, 
but the curve for a ( of the coupled rotor-body sys
tem is more or less linear. The gains of the isolated 
blade varies more with forward speed. The lead-lag 
motion of the isolated blade is now better damped 
than applying gains optimized for hover, only. Still 
there exists a strong decrease of damping to a local 
minimum at J.1. = 0.33. This is different for the cou
pled rotor-body system. Applying the gains optimized 
for the coupled rotor body system, regressing lead-lag 
damping slightly increases in the whole flight regime. 
A small local minimum is found at J.1. = 0.1. However, 
applying the isolated blade gains to the coupled rotor
body system leads to a more intense rise in regressing 
lead-lag damping. Thus, regressing lead-lag motion is 
even better damped than the lead-lag motion of the 
isolated blade for advance ratios between J.1. = 0.28 
and J.1. = 0.45. This is due to the high value of a, 
and the low value of a (, intensifying the former low 
coupling of regressing lead-lag and body pitch mode 
0/ f3c, which results in a shift of damping between 
these two modes. Consequently, body pitch mode is 
destabilized and the eigen frequency is increased. De
tailed investigations have to be done to evaluate the 
impact on handling qualities. Of course, the controller 
optimized for the coupled rotor-body system will also 
influence body-pitch mode, but this effect is kept low 
through gain limitation. Additional feedback of flap 
states could solve the problem of affecting body dy
namics and body damping levels. 

These explanations demonstrate the simplicity of the 
IBC approach to provide considerable regressing lead
lag damping throughout the whole flight regime with 
lag rate and deflection feedback, only. An optimiza
tion of gains for an isolated blade is possible and leads 
to good results. But special attention has to be paid 
to the influence of feedback loops on handling quali
ties. 
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4 Outlook and Conclusion 

This study examinate active control of hingeless ro
tor helicopter. It has been shown that active con· 
trol either through a conventional swashplate within 
SAS or through rotating actuators for IBC is a viable 
means to increase rotor-body damping levels for the 
helicopter on ground and in airborne state. Stabil
ity results have been presented for the open loop case 
and for the closed loop system using multi-variable 
feedback control. Four different controllers have been 
studied. Two SAS-controllers, the first feeding back 
roll and pitch rate and the second roll and pitch 
rate and cyclic lead-lag states as well as two IBC
controllers, one using only lead-lag states and the sec
ond lead-lag and flap states. The four controllers are 
compared to each other. Regarding the IBC approach 
additional controller designs and stability results have 
been performed for the isolated blade. 
From these results, the following conclusions can be 
drawn: 

• Roll and pitch feedback can suppress ground res
onance, but additional feedback of cyclic lead-lag 
states is more effective and provides sufficient sta
bility margins. Furthermore, the influence of the 
controllers on other eigen modes for the helicopter 
on ground is negligible. 

o The results for the IBC-controllers to suppress 
ground resonance are less promising. Lead-lag 
states feedback mainly leads to a frequency shift 
of coalescence point. Due to the strong cou
pling of body and flap modes, flap states feedback 
can influence rotor-body interaction and thus in
creases regressing lead-lag damping. 

• The controller design for both systems at one co
alescence point is not able to prevent system in
stabilities at other rotor rotational speeds. 

• Neglecting body states will not succeed in design
ing appropriate IBC-controllers for ground reso
nance suppression. 

• The SAS approach seems to be preferable for sup
pression of ground resonance. 

• Roll and pitch feedback can improve regressing 
lead-lag damping for the helicopter in airborne 
condition, but results are very poor. Additional 
cyclic lead-lag states feedback results in moder
ate damping margins in the whole flight regime. 
The SAS approach highly affects handling quali
ties and the implementation of filters seems to be 
unavoidable. 

• Using the IBC approach, enormous damping lev
els for the lead-lag motion of the isolated blade as 
well as for the regressing lead-lag motion can be 

reached. Even with a simple (, ( -contoller results 
are very promising. 

• The effect of IBC-controllers on handling qualities 
are low, but additional flap states feedback not 
only increases damping but also weakens adverse 
effects on system dynamics. 

• For the present configuration both lEO
controllers stabilizes regressing lead-lag damping 
in the analyzed range of rotor speeds without gain 
scheduling. Because of lower damping ratios this 
might be not possible for SAS-controllers. 

• Simple IBC-controller design for the whole range 
of advance ratio is possible without scheduling of 
gains. An optimization of feedback gains for the 
helicopter in hover will be most suitable. 

• Controller design for the isolated blade is a good 
estimate to IBC-controllers for the coupled rotor
body system. But adverse effects on handling 
qualities have to be evaluated. 

• The IBC approach seems to be preferable for aug
menting regressing lead-lag damping for the heli
copter in airborne condition. 

More general conclusions are : 

• The IBC concept is feasible if the coupling of 
body and rotor modes is low and the rotor system 
is mainly determined by isolated blade character
istics. Concerning the present configuration this 
situation occurs for the helicopter in the airborne 
state for a wide range of rotor speeds. 

• If the coupling of body and rotor modes is high, 
the results for the IBC system are rather poor. 
In this case the SAS approach is very effective, 
since the control through the swashplate mainly 
affects rotor-flap and body modes. This situation 
arises for regressing lead-lag and body interaction 
in ground resonance. 

Due to these promising results, further investigations 
concerning the potential of IBC to augment system 
stability are justified and necessary for developing an 
active control concept for future rotorcrafts. Some 
interesting aspects include : 

• Consider more sophisticated models with elastic 
blade deflection and other important modelling 
effects. 

• Implementing actuator and sensor dynamics to 
the feedback loops for realsitic controller design. 

• Analyzing the impact of the feedback loops on 
handling qualities in detail, using appropriate cri
terions (ADS 33, FAR 27 & 29). 

• Evaluate adverse effects on other stability or re
sponse problems, like vibration. 
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• Working on a concept for improving stability on 
ground and in air. Since rotating actuators are 
able to simulate a swashplate, a combination of 
the advantages of SAS and IBC seems to be pos
sible. 

• A combination of both systems would help to 
overcome stability problems of low frequency 
body modes in air. The SAS-system could con
tribute to improvements of handling qualities 
whereas the IBC-system is taking care of aug
menting lead-lag damping. 

• Analyzing the efficiency of "smart" trailing edge 
flap actuation to control lead-lag motion. 
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