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abstract

The complexity of the helicopter vibration problem and the procedures
necessary for considering vibration throughout the development phase are
presented. The stringent vibration reguirements of modern helicopters ne-
cessiate special methods and devices to control and reduce vibration to an
acceptable level.

A review of past, current, and future possibilities and methods for
reducing helicopter vibrations is given, including structural optimization
of the rotor and the whole helicopter, blade and rotor pendulum absorbers,
rotor isolation concepts folleowing the antirescnance principle (nodal iso-
lation), and also the possibilities of active isclation devices. In the
whele field, the helicopter industry has obtained a broad experience from
special test programs as well as from new development programs with install-
ed antivibration devices.

Vibration will always remain a helicopter problem. There are effec-
tive means of reducing the levels, but vibration specifications must be
realistically determined to avoid excessive weight penalties and development
costs.

1. Introduction

Almost without exception, vibration has been a problem for all heli-
copters, and vibration will continue to play an important role in the de-
velopment of the next generation of helicopters. New and more stringent re-
quirements for permissible vibration levels, to which pilots and passengers
will be exposed, and the requirement for increased reliability and reduced
maintenance cests, have induced helicopter manufacurers all over the world
to start extended research and development programmes with the aim of sub-
stantially reducing excessive vibration. Because of the great importance
of the problem and the many related activities, several survey papers have
been presented over the years, reporting research and development program-
mes, which have been conducted with varying degrees of success, References
1 - 4, This paper will attempt to give an overview of today's situation,
with improved methods and procedures tc be used during development, and
with new or improved means for vibration control; but also with more and
more severe requirements and with higher expectations which scmetimes seem
to be unrealistic.

Figure 1 shows the trend of helicopter cabin vibration levels over
the past 25 years. There has been enormous progress with a vibration reduc-
tien from 0.3 or 0.6 g to wvalues around 0.1 g. Throughout the years the
requirements have been for lower values than could be realized with produc-
tion helicopters. A special example is the ARH/UTTAS specification which
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Figure 1 Trend of Helicopter Vibration Levels

originally required vibration levels lower than 0.05 g. None of the compe-
titors could fulfill this specification, and finally the specification had
to be raised to 0.1 g, which seems to represent today's technology. The
NASA Research and Technology Advisory Council Subpanel on Helicopter Tech-
nology recommended in 1976 a desirable level of 0.02 g, but it seems that
such levels can be realized only if vibration control technigues achieve

a major breakthrough. It is clear, however, that further progress has teo
be made. Figure 2 shows wellknown Goldman-data, going back to the year 1948,
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about vibration tolerance criteria, Reference 5. In the meantime similar
studies have been conducted, but the results did not change very much, Re-
ference 6. Helicopters with vibration levels higher than 0.1 g, are really
not comfortable. In the past the helicopter users had to tolerate higher
values, but nowadays they are no longer willing to accept high vibration
levels. If a level of 0.02 g could be attained there would be no further
discussion about helicopter vibration. Today's situation is not satisfac-
tory, neither for the operator nor for the manufacturer of helicopters.
Because of the continuing progress of technology there will always be a
high expectation on the side of the operators. Perhaps,; some manufacturers
have raised too high an expectation, with enthusiastic reporting of rela-
ted research and technology work, which resulted in very low vibration le-
vels -~ but very often it seems to be extremely difficult or even impossib-
le to recreate such values with production helicopters, without creating
new problems. ALl themanufacturers are optimistic for the future. Their
technological forecast promises the "jet smooth helicopter" to become a
reality before the turn of the century as their understanding of the fully
coupled aercelastic rotor/fuselage system improves and their isolation tech-
niques achieve perfection, Reference 7.

For the present, it is the discussed human factor criterion, i.e.
the sensitivity of the pilots and passengers to the vibration enviromment,
that is the most stringent and difficult to meet. The other part of the
vibration problem, which is associated with functional reliability and main-
tainability requirements, is contributing directly to the cost effective-
ness of the whole helicopter, particularxly by its effect on structural fa-
tigue and by the influence of the vibration environment on engines and
equipment. There is a direct connection in many aspects of the two problem
areas, but it would be beyond the scope of this paper to cover them both
in combination.

2. The Complexity of the Vibration Problem

With a helicopter in forward flight the non-uniform flow passing
through the rotor causes oscillating airloads on the rotor blades which
produce excitation forces and moments at the rotating hub. This excitation
is periodic. For an ideal rotor with identical blades the remaining major
sources of excitation are at fregquencies of

in -1, nR, O+ 1),
(2n 1) &, 2nR, (2n + 1) &, ...

determined by the number of blades n and the rotational frequency of the
rotor, . As the forces and moments are transmitted from the rotating hub
system to the fixed fuselage system they act as excitation forces and mo-
ments on the fuselage with nfl, 2nf)}, ... frequencies. The roter acts as a
filter which only transmits oscillatory moments and shear loads with these
frequencies to the fuselage. The oscillatory loading applied to the fuse-
lage depends upon the number of blades. Since the magnitudes of the lower
harmonics of blade loading are considerably greater than the magnitudes of
the higher, a significant reducticn of the vibratory loads can be achieved
by a change to a higher number of blades.

The resulting typical wvibration characteristics of the fuselage are
illustrated in Figure 3 for the example of a fourbladed helicopter in the
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form of an amplitude spectra. There are pronounced frequencies only. The
typical vibration characteristics of a helicopter in its different flight
speed regimes are shown in Figure 4. There are two regimes, low speed
£light and high speed flight, where the vibration levels are
Because of the increase of the nonuniformity of the relative flow field
with increasing speed, the increase of vibration with speed is to be expec-
ted, whereas the high values in the low speed regime are initially surpris-

ing.
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The marked increase in vibration levels at low speeds can be attri-
buted to the nonuniformity of the induced velocity field caused by interac-
tion effects of blade vortices. At low speeds these effects are most pro-
nounced as the induced velocities are highest in this regime. Normally, the
highest vibration levels will be reached during the flare maneuver, i.e.
the transition from slow speed to hover flight with a change of the rotor
angle of attack from the normal negative wvalue of forward flight to a posi-
tive value. In this situation, an inflow component from the flight direction
is working against the induced flow component, so that the mean value of the
superimposed velocities will be wvery small with the effect that the blade
vortex interactions are strongly proncunced. Of course, the duration of the
extreme flare vibrations is only a few seconds, but they are for many heli-
copters a real problem because of their severity. Figure 5 tries to illu-
strate this flare situation showing the flow situation, the vibration level
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Figure 5 Helicopter Flare Vibration

and the exciting moments of the rotating hub of a fourbladed hingeless ro-
tor varying with time. It is quite surprising that the third harmonic of
the moment and the fifth do not reach their highest values at the same time.
For the fuselage both are acting as fourth harmonic exXcitation. It is quite
clear that the analytical methods used to calculate airloads and resulting
moments and shear forces at the hub are most unreliable for such conditions
of flight.

Also for the high speed regime the available analytical methods are
insufficient. While the variable induced velocity field in this regime has
only a small effect on the airloads, compressibility,stall effects, and un-
steady aercodynamics must be considered, thus complicating the analytical
metheds. Today's best prediction methods can give some gqualitative trends,
but their accuracy is not safficient to c¢alculate exact values, and that
is the case for both regimes. Compared to performance or flightmechanical
calculation, for which mainly the mean and lower harmonic rotor leoads are
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important, the standards of airload analysis methods with higher harmonic
loads, which have to be used for vibration work, are much higher. In futu-
re, improved methods will be available, but the questicon will be, if they
can be used for development work. Perhaps,they will be teco complex to hand-
ie and will consume too much effort and computer time to be used for real
development work, for which early and guick answers on the influence of
parametric variations are necessary.

The scurces of the vibration problem are the excitation loads gene-
rated by the rotor. They depend on the airlcads generated by the blades
and the dynamic characteristics of the whole rotor system. The response
of the fuselage to these excitations will finally be responsible for fuse-
lage vibration levels, for instance in the cockpit. It is necessary to en-
sure that the dynamic characteristics of the fuselage are adequate to main-
tain minimum vibration levels. And again, that is a very difficult task.
The basic shape and therefore, stiffness of the fuselage will be fixed by
considerations other than vibrational characteristics, which are influen-
ced mainly by higher bending modes.

3. Vibration Considerations during Development

A very good description of the state-of-the-art and the procedures
to be used during development is given in Reference 4, which also covers
the experience with AAH and UTTAS developments. The following explanations
and comments will partly be based on it.

Figure 6 presents the flow diagram of the complete helicopter vibra-
tion problem during all phases of development. Vibration woxk has to start
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with preliminary design. Definition of the blades and the rotor is not
possible without considering vibration characteristics. As a design will
always be a compromise of all the different requirements, it will not al-
ways pe possible to make it optimal for vibration. Selection of the rotor
type and sometimes also of the number of blades is very cften determined
by the background and the history of the particular manufacturer. Defini-
tion of the main parameters like disc loading, rotor tip speed, rotor so-
lidity and blade chord has normally to be done without considering vibra-
tion though these parameters will infiuence the vibration environment.
During the final selection of blade twist and tip shape their influence
on vibration has to be checked. Most important is the definition of the
blade dynamic characteristics. It is necessary to avoid resonance condi-
tions of the coupled blade hending and torsional mcdes with the exciting
rotor harmonics. The normal way is to establish the blade frequency dia-
gram, as shown in Figure 7, in the very early design phase. BElade mass
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Figure 7 Blade Freguency Diagram

and stiffness distribution are the input for the caleculation. Today's ana-
iytical methods for blade modes and natural frequencies are reliable with
only some minor problems in deciding on the right inputs for the blade
attachment area and the dynamic characteristics of the hub itself. Determi-
nation of the modes must be accomplished to insure that blade natural fre-
quencies are separeted from each other and from the exciting harmonics
within the whole range of rotor speed. This can be done easily by the use
of tuning weights with proper placement for effectiveness on one particular
mode without influencing the other modes. Figure 8 gives an illustration of
the possibilities. Structural optimization of the rotor blades and the ro-
tor is nowadays standard procedure during development, and with the use of
fiber-composites for the blade structure, (which seems to be the trend for
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future helicopters), there are less manufaturing constraints preventing
realisation of the ideal structural properties.

The next step is to ensure that the response of the fuselage to ex-
citation from the rotor is itself maintained at a minimum level. In the
early design stage, the fuselage is often represented as an elastic beam,
but as the design phase evolves, a more complex finite element model is de-
veloped and utilized. It is very important that the engine and the rotor
and gearbox system with its mounting structure are properly defined so that
the entire airframe is represented by the model. The calculations in the
early design stage must show the rough proximity of any major fuselage mode
to the nfl exciting fregquency. In addition they should indicate the sensiti-
vity of forced response to changes in the stiffness of structural components,
which could be modified or redesigned if it is found to be necessary later
on during development. But it seems to be worthwhile to note here, that the
troublesome airframe modes are often relatively insensitive to basic stiff-
ness changes, once the ocutline shape of the fuselage has been fixed. The
change in structural mass associated with a stiffness change of this type
tends to cancel out the effects of the stiffness, leaving the natural fre-
quencies little changed, Reference 3.

During the detail design phase the finite element model will become
more and more refined and the calculations should include frequencies up to
the 2nfl excitation. Detailed finite element models need some detail design
information, and then the calculations are lengthy. By the time the results
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are available it will already be difficult %o make structural changes, and
this seems to be the practical problem. Structural optimisation methods

and usuable finite element methods are avallable and can be used as has
peen shown in several papers, e.g. Referencas £ 4 10. ¥Figure 9 shows a typi-
cal finite element model of a helicopter, and Figure iQ gives a comparison
of calculated and tested data.

Figure 9 PFinite Element Model of BO 105 Helicopter

BG 0% - MOBE 18
THEORY FRQO. = 28.88 Hz
TEST FRQ.= 2694 Hz

O

FPigure 10 Torsional Fuselage Mode

The charactaristics of the rotor/gearbox/engine mounting system
strongly influence the transmission of the exciting forces and moments
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from the rotor to the fuselage. In the early design stage, precautions for
structural modifications in this area have to be considered. Very often
the suspension system will be designed as an isolation system.

The distance between the rotor and the fuselage will also be defined
during preliminary design phase. The effect of this distance on vibration
characteristics is very often negligible, but UTTAS/AAH experience has shown,
that a considerable contribution to vibration could be the result, if this
distance is too short. All four UTTAS/AAH competitors nad to raise their
rotors for vibration reduction. This vibration was due to rotor downwash
effects on oscillatory pressures on top of the fuselage and overhead canopy
and their deflection back through the rotor flow field. Such aerodynamic
effects are difficult to calculate, but there are some empirical data, Re-
ference 1!, Figure 11 tries to define the critical parameters for inter-
ference and shows some illustrative results.
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Figure 11 Aerodynamic Rotor/Fuselage Interference

With the progress of development work the dynamic structural models
have to be refined. The described procedure goes through several iterations
with changes in blade properties and the fuselage structure. Now, blade
and hub forces and moments will be calculated using a sophisticated mathe-
matical description of the dynamic characteristics of the rotor system to-
gether with an accurate description of the aerodynamics. Once the hub for-
ces and moments have been predicted they can be combined with the dynamic
model of the airframe to obtain the forced response to predict inflight
vibrations. Consideration of the flexibility of the rotor support system
must be included. The state-cf-the-art and the overall possibilities are
best described by the following statement of Reference 4:

"The coming of age of the computer during the last decade has great-

1y improved the analytical tools available to the helicopter design engi-
neer. However, it should be recognized that use of these tools can only
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increase the probability and confidence that an aircraft will exhibit an
acceptable vibration enviromment in service, because it virtually is im-
possible {(technically and economically} to conduct a design program that
would guarantee design goals. It is, therefore, most beneficial to make
provisions for wvibration control in the design of the aircraft™.

There is no doubt that today's more stringent vibration require-
ments demand scme additional resources for vibration control., Improved
dynamic rotor design and improved structural design of the fuselage are
no longer sufficient. There are several concepts and means available as
the next chapter will show. The precautions for such additional systems
have to be foreseen in early design stage although it might be not quite
clear to what extent they will be finally required. Additional antivibra-
tion devices can be effective only if they are integrated into the over-
all system of the helicopter in the right way requiring, therefore, avail-
able space and mounting provisions at special structural points, which will
only be avallable if they have been specially considered. The interaction
with the overall dynamic characteristics should also bhe studied in the
early phase. In some cases the final decision as to whether additional sy-
stems are neccessary, or not, will not be possible before flight testing.

Once hardware becomes available testing is initiated. Then results
of dynamic blade measurements and later on of whirl tower tests as well
as of dynamic airframe shake tests will be used to improve the dynamic mo-
dels. The conclusions will become more and more realistic, but only final
flight testing will be able to close the design loop with the airlcads.

4. Vibration Reduction Systems for Helicopters

Excellent progress has been made with special wvibration reduction
systems. The helicopter industry has gained broad experience from special
test programmes as well as from new development programmes with installed
antivibration dewvices. Some methods are already applicable to production
helicopters, others are still in the research phase with some technical
prcblems to be solved. There are methods which influence directly the ex-
citing forces at the blade or the hub with dynamic absorbers or with multi-
cyclic control of the blades. Other methods try to isolate dynamically the
rotor from the airframe, and fuselage absorbers form a third category. The
state-of-the—art of such possibilities for vibration control will now be
discussed with the following comwents.

Vibration Control at the Blades or the Hub

Centrifugal pendulum absorbers mounted on rotorblades have already
been in use for a long time, and several companies have good experience, 1i.
e, mainly Boeing-Vertol, Hughes, and MBB, References 12+ 15. This device
can be used to reduce the response of particular flapping or inplane modes
of the rotorblades with the object of reducing root shear and/or root bend-
ing moment. The absorber assembly rotates with the rotor, and the restoring
force for the pendulum mass is provided by centrifugal force. Hence the
system is self-tuning with respect to changes in rotor speed. Figure 12
shows as an example of this type of absorber a 3Q-flap pendulum on a MBB-
BO 105. The 4f) exciting moment in the fuselage system can be reduced by this
system to about one third, as shown in Figure 13, with a similar reduction
in the cabin vibration levels. & problem with this type of absorber is that
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Figure 12
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Figure 13 Reduction of Moment Excitation with Pendulum Absorber
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each troublescme mode needs a seperate absorber, and this would make a com-
plete, combined system too complex and expensive. Perhaps, this is the rea-
son why blade pendulum absorbers are not used in a broader application.

Another possibility is a centrifugal type of rotor hub absorber,
the bifilar absorber as illustrated in Figure 14. The pendulum counteracts
the effects of the horizontal vibratory shear forces at the hub. This sy-
stem is successfully used mainly by Sikorsky with several helicopters,
Reference 16.

L) WITHOUT

1 ABSORBERS

04

w -

w 03

ar s \‘ WITH

~ 02 \  ABSORBERS
o A

=

<

o

@ g

> 0 20 406 60 80 100 120

SPEED - kts

S5-BLADED ROTOR WITH BIFILARABSORBER

Figure 14 Bifilar Pendulum Absorber

Westland is working on a fixed frequency rotor hub vibration absor-
ber based upon fiber-composite springs. The operatiomnal characteristics
are very similar to the bifilar pendulum, but, of course, it is not self-
tuning. The aim is to obtain a device with no maintenance reguirement, and
this is not possible for centrifugal pendulum absorbers the operation of
which relies on sliding or rolling of metal surfaces. A disadvantage is the
necessary compromise in tuning for varying rotor speed. Reference 17 reports
limited but successful flight testing, and there are plans te productionise
the device.

The ekxciting airloads at the blades are periodic at frequencies
equal to the fundamental and higher harmonics of rotor rotational speed.
Therefore, it should be possible to influence and minimize them through
the use of various orders of harmonic blade pitch control. If the exciting
airloads could be directly minimized at the place of their origin, this
should be the best solution for solving the vibration prcblem. The concept
is not new, but early attempts seemed not to be feasible because of tech-
nological problems. Now, technology has advanced to the point where higher
harmonic or multicyclic blade control in open or closed loop should be
possible. There is an improved knowledge of the helicopter problem itself,
but more proncunced is the overall progress in control thecry, in electro-
nics and with high frequency actuator systems. Therefore, it seems to be
quite reasonable that most helicopter manufacturers and in addition seve-
ral research institutes are working in this £field with similar but also
distinctly different approaches. If the number of published papers is taken
as a scale of activity, then most activity in vibration control is with
higher harmonic concepts. At the forum of the American Helicopter Society
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eight papers have been presented this year, References 18 ¢ 25. The last
nunker of Vertica was a special edition for active control systems for
rotorcraft with five papers, References 26 + 30. At last year's European
Forum two papers were given, References 27, 31. Some systems control the
individual rotating blade, while otherscontrecl net rotor-induced forces
acting on the fuselage. It is not yet clear as to which approach will be
superior. With some systems outstanding research results with windtunnel
tests have already been achieved; others show great promise. Flightworthy
active control systems are in the design stage, and scon actual flight te-
sting will give scme answers to the still open questions of design appli-
cations concerning complexity and costs as well as safety and reliability.

Some of the concepts work with outboard blade lift control devices
or individual blade root actuators in the rotating system, both of which
can increase the number of control degrees of freedom. Other concepts con-
centrate on blade root control via high frequency swashplate actuation,
which seems to involve less radical hardware development for most helicop-
ter configurations. Figure 15 shows the feedback loop configuration as used

SwASHPLATE | ADVANCED SWASHPLATE BLADE ROOT
SWASHPLATE
CONTROLLER ROTOR
COMMANDS ACTUATION FOSITION FLAPBENDING
SYSTEM MOMENT
VIBRATORY PARAMETERS INFUT
PROCESSOR

Figure 15 Feedback Loop Configuration of Active Blade Control

in windtunnel tests, Reference 26. The input processor computed vibratory
signal levels from the measured blade root flap bending waveforms. (Of cour-
se, also other vibration signals could be used). This was areal-time opera-
tion. The controller algorithm computed swashplate motions in three degrees
of freedom. The actuating system for the windtunnel tests had to go up to
about 90 Hz. Precise control was achieved at this frequency using off-the-
shelf hydraulic hardware with a novel servoloop design, Oscillatory ampli-
tudes up to 1.3° of blade pitch were obtained. This was sufficient for full
suppression of the selected vibratory components in some, but not all, of
the test conditions. Figure 16 gives an impression on the possible reduc-
tion of wvibratory loads in level £light. It can be demonstrated that a good
transient response can also be expected. The average harmonic inputs used
by the active system to suppress the controlled components in steady trim
condition are shown in Figure 17. These results confirm the expectation that
both amplitude and phase of the required inputs change greatly with flight
condition. For this reason an automatic control system, i.e. the closed
loop system can be the only operational solution. For a final evaluation
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of a system the shortcomings must also be considered. There will not be com~
plete vibration eradicatiocn because it is not possible to reduce blade root
moments and shear forces to the same degree. Higher harmonic control is
combined with an increase in power by some percent. Maximum alternating
pitch link loads may increase by more than 60%, also blade fatigue loads
will be higher. The necessary sStructural changes could cost about 1% gross

weight.

Vibration Control by Rotor Isolation

Passive isolation with flexible mounting of the rotor and gearbox to the
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fuselage has been used over the years to minimize the transmission of rotor
forces to the fuselage, for instance all Bell helicopters employ fiexible
mountings. Refinements in analytical methods and development of practical
hardware have led to considerable improvement in the effectiveness of passi-
ve isclation. Today, simple flexible mounting is no longer used, but more

or less direct isolation systems.
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Figure 18 Response Characteristics of Rectilinear and
Focused Pylon

Figure 18 illustrates the principle of the focused pylon, Reference 2.
Such focusing systems get more and more complex if isolation in more than
one axis is required. Good results can be achieved in connection with the
twobladed teetering rotor, whereas other rotorsystems producing exciting
rotor moments in addition to shear forces would have scme difficulties. The
problem with such isolation concepts is to provide adegquate low-freguency
isolaticn without excessive relative displacement. Isolation of the large
vertical lifting forces of a helicopter rotor while maintaining a low rela-
tive displacement has precluded effective isolation in the vertical direc-
tion by conventional means.

Consequently use of the nodalization concept is the next step.
Figure 19 illustrates the basic principle: at the node points no oscillat-
ing forces will be transmitted. Bell successfully demonstrated their nodal
beam gearbox mounting system. This system interposes a beam mcounting arran-
gement between the gearbox and the airframe, and is configured such that
the airframe is suspended from the node points of the beam system when vi-~
brating in response to the rotor hub forcing system, References 32 : 34. The
concept is illustrated in Figure 20.

Kaman has developed a system known as DAVI (Dynamic Anti-Resonant
Vibration Isolator) witha strong similarity in its mechanism of operation to
the Bell system. At first, it was intended to be used for the isolation of
crew seats, but in the meantime it has been used successfully to isclate
complete rotor systems with flight test programmes on Bell UH 1, MBB BO 105
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Figure 20 Focused Pylon/Nodal Beam Isolation System (Bell)

and the Boeing UTTAS prototype, References 35, 36. The rotor/transmission
unit is mounted on the fuselage by special isolator elements as illustrated
in Figure 21. Operation of the isolator can be followed in Figure 22. The
action of a nodal isolator differs significantly from a conventional isola-
tor. A transmissibility plot for a conventional isolator has a resonant fre-
quency with low tuning and then isolates above a certain frequency with the
isolation improving as the frequency increases, reaching 100 percent isola-
tion at infinite frequency. A nodal isclator has a resonant frequency with
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Figure 21 BO 105 Isolation System {(Boeing Vertocl)
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Figure 22 Concept of Antiresonance Isclation System

higher tuning, but then has a specific antiresonant frequency at which

100 percent isolation is achieved as shown in Figure 23. In case of damping
the degree of isolation will be reduced. Figure 24 shows the effect of damp-
ing and isolator tuning, i.e. antiresonance frequency to isolator resonance.
The isolator elements consist of spring elements to which pendulums are
attached as illustrated in Figure 25. There are also isolators with dual
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Figure 25 Antiresonance Isolator {MBB Design with Low Damping)

pendulums with two antiresonance frequencies and three dimensional isolators,
References 36, 37. The full isoclation of a rotor requires isclation in all
axes, and this makes the system rather complicated. For maintenance and re-
liability the many additional bearings seem to be problematic. Therefore,
possibilities for mechanical simplification have to ke found. Two new iso-
lator elements following the same principle seem to be very interesting and
on the right way: the LIFE element of Bell, Reference 38, and MBB's hydraulic
antiresonance iscliator, Reference 39. The principle of both is illustrated
in Figure 26 in comparison. Both systems use "hydraulic pendulums”.

Passive nodal isclators are at a stage that they can be used for pro-
duction helicopters. But they add mechanical complexity to the helicopter
(as all other systems do also), and they get even more complex if more than
one frequency has to be isclated.

A next step would be an active isolation concept. In the past several
studies have been conducted, but they were not really successful not least
by the lack cf a sufficiently supported theory of the control system design,
especially in the case of multi-axis isolation, and also by technological
problems with the required high frequency actuating systems. In recent years,
MBB has studied current possibilities of active force isolation systems, Re-
ferences 40 - 42, The progress of the overall understanding, of modern con-
trol theorvy, of electronics and modern servohydraulics seem to make such sy-
stems feasible as can be shown with functional tests. The principle of isola-~
tion is very similar in its operating mechanism as Figure 27 illustrates.

The active system can be used as a force isolator, this means in comparison
to the passive system that the pendulum is replaced by an electrohydraulic
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Figure 27 Realisation of Passive and Active Force Iscolator

actuator, the dynamic characteristics of which are provided by the active,
closed loop control system. The active system of rotor isolation can be
easily adapted dynamically and optimised. It permits, without additional
complication complete compensation of multi-frequency rotor excitations.
It remains effective within the whole flight range, i.e. including varia-
tions in rotor speed, and it permits automatic trim of quasi-static rela-
tive displacement of the rotor/transmission unit. The advanced technology
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of servohydraulic actuating systems enables an efficient active isolatien
system to be realised that compares well, even today, on a weight basis with
passive systems. In future, with the use of microprocessors for signal pro-
cessing, even its cost may be comparable. But there is still technological
work to be done.

Another different active isolation system is used with Sikorsky's
Rotor Systems Research Aircraft (RSRA), Reference 43. The purpose of this
system 1s to allow aircraft operation, with an arbitrary rotor system, over
a wide rotor speed range and maneuver envelope without vibration restric-
tions, while simultaneously providing measurement of rotor system loads.
The approach to wvibration control of the RSRA which was selected was a
transmission isolation system. It was envisaged that for some applications
extremely soft transmission supports would be reguired for acceptable iso-
lation. This lLed to the decision to use displacement feedback servo null
hydropneumatic "active isolators" to recenter the transmission under the
influence of flight loads. This active feature allowed arbitrary selection
of unit spring constants to achieve isolation while ensuring that system
interface moticons weculd always be acceptable. Shown in Figuyxe 28 are the
primary elements in the isolation system: hydropneumatic, servo controlled
actuator units. The unit is basically a hydraulic piston reacting against

TO TRANSMIESSION

ACCUMULATORS
ISOLATOR GAIN ADJUSTMENTS
*SIMPLE LINKAGE BAR
RYORAULIC
AR o oL T SUPPLY

[ f|:| — RETURN
mLL_ olL [:

AIR .
—SUPPLY
e SERVO VALVE
SIMPLE PNEUMATIC TO AIRFRAME
SPRING

*PRECHARGE PRESSURE
CONTROLS SPRING RATE

Figure 28 Schematic of Hydropneumatic Active Isolator

captured air chambers with a relatively low gain mechanical displacement
feedback servo valve. The captured air bulk modulus provides a spring re-
storing force with piston displacement. Alsc when the piston displaces,

the servo valve feeds hydraulic fluid into the piston chamber in the direc-
tion of motion, compressing the air and creating a restoring force on the
piston 90 degrees out of phase with the piston displacement. The net result
is that for static or transient loads on the isclator, the displacement ser-
vo feature keeps the unit centered in midstroke, while for high fregquency
motion, for which isclation is required, the unit acts as a soft air spring,
as insufficient fluid flow through the servo occurs to create appreciable
forces. This means that its basic principle is passive isolation but with
active trim.

A classification of rotor isolation systems with regard to their phy-
sical principles and their applications is given in the table of Figure 29,
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Figure 29 Rotor Isolation for Helicopters

Vibration Contrxol in the Fuselage

The methods for wvibration control in the fuselage are mostly desig-
ned to produce a reduction in a local area only. This local area, for in-
stance, could be the pilot seat, the instrument panel or in combination
with installation of special equipment. ’

Such local reduction effects can be obtained with classical vibration
absorbers inveolving the mounting of a suitably heavy mass with a spring sy-
stem tuned close to the troublesome frequency. Sometimes the helicoptex
battery can be used, but in most cases a parasitic mass will be taken. Many
helicopters under production use such absorbers. There are no problems for
selection and design of such absorbers, sc no further discussion is needed.
also soft mounting systems for equipment and instruments need no further
discussion.

An interesting, but also complicated approach to vibration control
at the fuselage is the integrated floor/fuel isclation system as used for
the commercial Chinook, Reference 44. The passengey floor is isolated from
the airframe on a series of passive nodal isolation units. In addition, the
fuel tanks are isolated so that their dynamic mass is effectively nulled at
all fuel levels, thereby avoiding any deleterious effect on airframe natu-
ral frequency placement, Aircraft tests demonstrated that the floor isocla-
tion could lower the vibration to an average of 0.05 g on the passenger
floor.
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5. Concluding Remarks and Future Prospects

There has been enormous progress with vibration reduction, but
throughout the years requirements for vibration levels have been for lower
values than could be realized with production helicopters. Because of the
continuing progress of technology there will always be a high expectation
on the side of the helicopter users, who are no longer willing to accept
high vibration levels. All the helicopter manufacturers are optimistic for
the future, and it is clear that further progress has to be made.

Today's and future stringent vibration requirements demand scme addi-
tional resources for vibration contrel. Improved dynamic rotor design and
improved structural design of the fuselage are a matter of course, but they
are not sufficient for low vibration. With future helicopters it is neces-
sary to make special provisions for vibration control as some of today's
production helicopters are already doing. There are several concepts and
means available as have been shown. Some methods are already applicable to
production helicopters - others are still in the research phase. The most
promising methods are for vibratieon contrel at the blades or the hub with
special absorbers, or for the future with active higher harmonic contrel,
and vibration isclation of the fuselage from the rotor/transmission unit
using the antirescnance principle. Nodal beam isclation systems and concepts
based on special antirescnance isolator elements (e.g. DAVI) are of a high
standard. In the future active isolator elements may also be used.

Vibration control systems should be as simple as possible so as not
to create new functional problems - functional reliability and maintainabi-
lity contribute directly to the cost effectiveness of the whole helicopter.
Cf course, the weight of antivibration equipment should be as low as possib-
le ~ for the future the target weight will be less than 1% of gross weight
whereas today's systems are still higher than this. It seems that all the
different systems, including the active ones, will have similar weights.
Last but not least the direct production costs of the systems should be low -
today passive systems still seem to be more advantageous, but the enormous
progress of electronics and electro-hydraulics will bring active systems to
a good position. Finally, the users of helicopters have to pay for all addi-
tional costs resulting from vibration control -~ therefore, vibration speci-
fications have to be realistically determined to avoid excessive weight and
cost penalties.

Vibration and its control will always remain a helicopter problem,
but the "smcoth helicopter"” will become a reality in future as the under-
standing of the fully coupled rotor/fuselage system improves and vibration
control techniques achieve perfection.
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