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FORT EUSTIS. VIRGINIA 23604

This contract was initiated to investigate the feasibility of helicopter
rotor isolation using active elements. Feasibility of rotor isolation
was investigated for "statistical" single-rotor helicopters ranging in
gross weight from 2,000 pounds to 80,000 pounds. An electrohydraulic
isolator exhibiting narrotwr bandwidths of isolation at frequencies corre-
sponding to the blade passage frequency and its second and third harmonics
is proposed.

A conceptual design of the isolator installed in the OH-6A Light Observa-
tion Helicopter is presented. The proposed system incorporates a hydraulic
cylinder interposed between the rotor and the transmission. The rotor
shaft is splined and is assumed to have sufficient end play to permit
relative vertical displacement between the rotor and fuselage and yet
still have the capability of transmitting torque from the fuselage-mounted
transmission to the rotor. It should be noted that the rotor shaft and
mast are installed in the production OH-6A in such a manner that the mast
carries all loads (lifting and bending moments) while the rotor shaft
transmits torque to the rotor. The rotor isolator installed in the OH-6A,
as conceived by Barry Controls, must assume these mast loads. For this
study, however, such loads as mast moments and transverse shear loads are
not considered. The isolators were assumed to be loaded in the vertical
direction only.

On the basis of these simplifying assumptions, impressive vibration attenua-
tion and displacement control are predicted for a range of helicopters with
an associated weight penalty of approximately &4 to 6 percent of helicopter
gross weight.
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ABSTRACT

Results of an analytical investigation are presented which verify the
feasibility of isolating nelicopter fuselages from rotor-induced vertical
vibratory forces while iimiting the relative displacements during transient
maneuvers and itanding. Electrohydraulic elements are combined to provide
better than 9J percent isolation at the critical rotor frequencies. System
parameters are selected for single-rotor helicopters ranging in weight from
2,000 to 80,000 pounds. Results of the parametric study show the response
of the electrohydraulic notch isolation systems to the various types of
dynamic excitations in terms of rotor and fuselage transmitted accelerations,
relative displacement between the rotor and fuselage, stability margin,
power requiremsnts, and estimated isclation system weight. System
performance and requirements are evaluated as a function of heiicopter
weight, blade passage frequency, number of notches of isolation, stability,
changes in fuselage weight and rotor speed, and maximum allowable relative
displacement during landing. Recommendations are made regarding experi-
mental verification of system performance, incorporation of approach into
practical hardware, and isolation of combined vertical and in-plane rotor-
induced vibrations.
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FOREWORD

The investigation was conducted by the Barry Controls Division of Barry
Wright Corporation of Watertown, Massachusetts, under Contract

DA 44-177-AMC-472(T) sponsored by the U. S. Army Aviation Materiel
Laboratories (USAAVLABS), Fort Eustis, Virginia. The program was under
the technical direction of Mr. Joseph McGarvey, Contracting Officer's
Representative.

Barry Controls' personnel were under the technical direction of Mr. Jerome
E. Ruzicka. Mr. Peter C, Calcaterra was project engineer, and Mr. Dale
W. Schubert was principal investigator. Dr. Frederick D. Ezekiel, of

F. D. Ezekiel Company, Lexington, Massachusetts, was consultant in the
area of fluid power control. Professor Norman D. Ham of the Aerospace
and Aeronautics Department of the Massachusetts Institute of Technology,
Cambridge, Massachusetts, was consultant in the area of helicopter
dynamics. The task was begun in June 1966 and completed in February
1968.

Acknowledgement is hereby made of the helicopter excitation criterion used
in this study and a statistical analysis of existing operational helicopters
provided by Kaman Aircraft Division, Kaman Corporation, Bloomfield,
Connecticut,
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INTRODUCTION

The importance of structural dynamics, vibration of the controls, and pilot
fatigue in the development and use of rotor-powered aircraft is well recog-
nized. The aerodynamic characteristics of a helicopter rotor in forward
flight give rise to shear forces at the hub which are transmitted through the
rotor shaft into the fuselage. The magnitude of these forces is a function
of the rotor blade angle of attack and the velocity of the air stream entering
the rotor plane. The frequency of the forces is a direct function of the rotor
speed and number of blades, and generally coincides with frequencies
which are particularly critical to the comfort and/or task performance
capabilities of passengers and crew, respectively. As a result, helicopters
and their crews must endure high levels of rotor-induced vibrations. Some
helicopters are vibration limited and must operate at speeds below those
they might otherwise achieve (Reference 1).

Considerable strides are being made to better understand the basic
mechanism and the nature of rotor-induced forces in an attempt to minimize
harmonic force excitations. Research in the area of vibration contro}, such
as utilizing phase relationships between the various sources of rotor loads
and introducing higher harmonic pitch control to reduce shaft loads
(Reference 1), appears to hold future promise in reducing the level of force
transmitted to the fuselage. However, immediate requirements exist to
improve the vibration characteristics of helicopters.

Forces acting on the rotor due to blade dynamics are numerous and occur in
the in-plane and vertical as well as in the torsional modes (Reference 2).
However, the levels of vibratory excitation at the hub perpendicular to the
plane of the rotor are generally an order of magnitude greater than those
occurring along the plane of the rotor (References 3 and 4), Reduction of
the former to acceptable levels would represent a significant step forward
in the solution of helicopter vibration problems.

The investigation reported herein deals with the design feasibility of
applying active or a combination of active/passive isolation techniques to
reduce the vertical vibration transmitted from a helicopter rotor hub to the
fuselage. A parametric study of electrohydraulic isolation systems is
presented for helicopter weights ranging from 2,000 to 80,000 pounds.
Selection of systems' design and parameters is based on analysis and
evaluation of: (1) various shock and vibration techniques; (2) dynamic
environment characteristics typically encountered during helicopter flight,
maneuvers and landing; (3) relative deflections between rotor and fuselage;
(4) peak rotor and fuselage transmitted accelerations; and (5) system
stability. In the analyses and evaluation of the isolation systems, heli-
copters are represented by a model consisting of lumped rigid rotor and
fuselage masses. The feasibility of providing better than 90 percent isola-
tion of rotor-induced vertical forces at the blade passage frequency and
second and third harmonics thereof is demonstrated, while limiting the rela-
tive deflection between rotor and fuselage during severe landing and tran-
sient maneuvers to levels compatible with helicopter control requirements.




I
{

Results are presented in terms of system stability, peak rotor and

fuselage transmitted accelerations, maximum relative displacements
between rotor and fuselage, flow and power requirements, weight
considerations, reliability, and fail-safe criteria. A conceptual design is
shown for the incorporation of the isolation system in the OH-6A helicopter.
Recommendations are made regarding experimental verification of the
analytical results and extension of the techniques to isolate combined
vertical and in-plane rotor-induced forces.

= itadoiotes g - '.. sl v P
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SYSTEM ANALYSIS AND DEVELOPMENT

REQUIRED ISOLATION SYSTEM CHARACTERISTICS

Isolation of vertical rotor-induced excitations is extremely difficult due to
the conflicting requirements of small displacements across the isolation
system under imposed thrust loads and the stiffness values required for
effective isolation of low frequency excitations. The vibratory forces have
significant magnitudes at only the rotor shaft speed (1/rev) and at the funda-
mental and harmonics of the blade passage frequency (b/rev, 2b/rev,---)
where b is the number of blades. Moreover, analytical studies and
experimental results indicate that the levels of excitation at higher harmonics
of the blade passage frequency are small in comparison to b/rev (References
2 and 5), Figure l shows a comparison between the vibration levels at

1/rev, b/rev, and higher harmonics normalized with respect to the level at
b/rev. The 1/rev vibration is induced by rotor imbalance and can be
virtually eliminated by proper tracking of the blades. The b/rev excitation
and its harmonics are due to the aerodynamics of existing rotary-wing air-
craft and cannot presently be eliminated. Although the nominal rotor speed
decreases with increasing helicopter gross weight as shown in Figure 2,
larger helicopters utilize rotors having more blades than lighter helicopters.
As a result, values of b/rev occur over a relatively narrow frequency range
from 10 to 30 Hz regardless of helicopter weight (Reference 5).

1000
OH-6A
F | g OHaA
: o \\xn-&A
g os} ‘g h o L+
§ UN-2A
; : o
g og
L/ | A B o .
1/REV b/REV 20 /REV 3b/nev 4b/REV 1000 10,000 100,000
ROTOR EXCITATION FREQUENCY GROSS WEIGHT {ib)
Figure 1. Relationship Between Figure 2. Relationship Between
Levels of Rotor-Induced Forces Rotor Speed and Gross Weight for
at b/rev and its Harmonics, Single-Rotor Helicopters.

Normalized With Respect to the
Level at b/rev.
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A conventional passive isolator placed between the rotor and the fuselage
would reduce the vertical vibratory force transmitted to the fuselage. How-
ever, due to the dynamics of the rotor-isolator-fuselage system and the low
values of frequency associated with the excitation, effective isolation at
b/rev would give rise to displacements between the rotor and fuselage
which would be incompatible with helicopter control requirements, particu-
larly under transient loads associated with maneuvering and landing. For
example, if 70 percent isolation is to be provided at a blade passage
frequency of 13,3 Hz, the natural frequency of a conventional isolation
system should be approximately 2 Hz. For typical fuselage-to-rotor weight
ratios of 8, the static deflection of such a system employing linear passive
elements would be in excess of 20 inches. Under transient maneuvers,
displacements would be multiples of 20, depending on the number of g's
experienced. It is evident that suci values of relative displacement are
incompatible with helicopter control requirements.

Nonlinearities can be incorporated into the design of conventional passive
isolators to limit displacements. However, snubbing would occur during a
large portion of the time, particularly during transition flight and maneuvers
when the levels of vibration excitation are most severe and sustained accel-
erations of several g's are experienced. The conventional passive isolation
system, when snubbed into its nonlinear region by sustained acceleration
transients, would offer a greatly reduced degree of isolation, and could
even amplify the level of transmitted acceleration by raising the resonant
frequency to values where significant excitation forces exist,

Several approaches have been studied in the past which incorporate various
types of active elements in an attempt to provide vibration isolation of low-
frequency rotor-induced excitation while limiting the transient relative
displacements between the rotor and fuselage. Combinations of a8 passive
stiff spring and force servo in parallel have been investigated (Reference 6),
where the servocontrolled force would be tuned to attenuate the vibratory
excitations at the blade passage frequency. A system consisting of a stiff
spring, in parallel with a negative spring rate achieved by a special linkage,
has been analyzed to obtain a low vertical natural frequency; a servo -
mechanism is used to position the base of the stiff spring to maintain

a constant vertical distance between the rotor and fuselage (Reference 7).
An electropneumatic servocontrolled system utilizing an air cylinder as both
the isolating medium and the energy source was investigated in conjunction
with the Boeing Vertol 107 helicopter (Reference 8). None of these
approaches, however, represent suitable solutions for the isolation of
modern high performance helicopters, due primarily to the high levels of
transient maneuver loads and the resulting large relative deflections
between the fuselage and the rotor,




PROPOSED SOLUTION

In recent years, techniques have been developed to incorporate electro-
hydraulic elements in the design of active isolation systems to provide
both low frequency vibration isolation and displacement control
(References 9 and 10). As shown in Figure 3, electrohydraulic isolation
systems are servomechanisms consisting of response sensors, signal
processors, and actuators. The sensors provide signals proportional to
selected systemresponse variables, and the signal processors modify and
combine these signals to create a command signal. Actuators apply forces
or induce motions in accordance with the command signals. The selected
system response variables and the functions performed within the signal
processor will determine the system response.

MASS RESPONSE ISOLATED
SIGNALS MASS
eLecTric™— siGNAL CONTROL
POWER | PROCESSOR FORCE
FLOW coMManD | servo | FLow [HyorauLic
SIGNAL VALVE ACTUATOR
FLUIO EXCITATION SOURCE
SUPPLY

Figure 3. Block Diagram of Generalized
slectrohydraulic Isolation System.

A wide variety of excitation and response seusors can be employed to
provide feedback signals and form a closed-loop control system. For
example, feedback signals can be developed waich are functions of any
observable response sucn as jerk, acceleration, velocity, displacement,
differentiai pressure, and force. The signal processor may consist of
electrouic networks whica perform amplification, attenuation, differenti-
ation, integration, addition, multiplication, division and compensation
functions. Because of tie wide selection of feedback signals, loop gains,
and signal processing networks, and tne relative incompressibility of the
hydrauliic fluid, ultra-low frequency isolation can be provided by the
electrohydraulic isolation system even during conditions of sustained
acceleration, with zero static deflection, hign speed of response and
extreme flexibility in shaping tne overall frequency response characteristics
(Reference 11). Selection of system design is dictated by the specific
requirements of a given application.




One such electrohydraulic isolation system has been constructed to eval-
uate the effect of vibration isolation on pilot performance during simulated
low-level high-speed flight conditions (Reference 12). For this application
the system resonant frequency is 0.45 Hz, and better than 80 percent
isolation is provided for all frequencies above 5 Hz. The static deflection
of a linear passive system of equivalent isolation performance would be

over 4 feet whereas the static deflection of the electrohydraulic system is
zero and, by use of nonlinear feedback, deflects only 2.1 inches in
response to a 3 g acceleration step having a 0.l-second rise-time. More- ]
over, vibration isolation is provided during conditions of combined vibratory
and 3 g sustained accelerations. The wideband vibration isolation charac-
teristics and displacement control are attained by a combined active/passive
isolation system, where active elements provide the desired response at

low frequencies and during transient conditions, and the passive element
provides isolation at high frequencies above the frequency band over which
the active elements are operative. However, as will be shown, even this
type of active isolator with nonlinear feedback is not suited to attenuate
helicopter rotor-induced vibrations and meet the displacement requirements
of less than 0.5 inch.

The highest levels of rotor-induced force excitations occur at the blade
passage frequency and its harmonics, as shown in Figure 1. Ideally then,
for this type of excitation the desired vibration isolation characteristics
and displacement control are obtained by a system exhibiting zero stiffness
at the critical excitation frequencies and very high stiffness at other
frequencies. These performance characteristics can be approached by
employing an electrohydraulic "notch-type" system exhibiting narrow band-
widths of isolation at frequencies corresponding to the blade passage fre-
quency and its second and third harmonics, The proposed system, shown
schematically in Figure 4, incorporates a hydraulic cylinder interposed
between the rotor and transmission, The rotor shaft is splined and is
assumed to have sufficient end play to permit relative vertical displace~
ment between the rotor and fuselage and yet still have the capability of
transmitting torque from the fuselage-mounted transmission to the rotor.
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Figure 4. Conceptual Diagram of Active
Isolator Applied to Helicopter Rotor.




EVALUATION AN D PERFORMANCE CRITERIA

For the feasibility study, the engine, transmission, and fuselage are con-
sidered as a single lumped rigid mass. The rotor is also considered as a
rigid mass. A ratio of fuselage to rotor mass of eight is assumed in all
cases. This report considers single-rotor helicopters only, with the rotor
drive shaft assumed to be aligned through the fuselage and rotor centers of
gravity. In-plane rotor excitations and isolation from same are excluded
for this study. On the basis of these simplifying assumptions, the results
of the feasibility study demonstrate whether or not an isolation system
could be designed to provide vibration protection from the more severe
vertical rotor-induced forces, while limiting the relative displacements
between rotor and fuselage to acceptable levels.

Two types of steady-state vibratory excitations are considered:

Cruise: Vertical sinusoidal forces applied to the rotor at shaft
speed; blade passage frequency; and the 2nd, 3rd, and
4th harmonics of blade passage frequency. The relative
magnitude of the excitations is shown in Figure 1.

Ground: Vertical sinusoidal forces applied to the rotor (as in the
cruise condition) with the landing gear resting on the ground.
Landing gears are assumed to have a stiffness to yield a
natural frequency of 3 Hz, based on helicopter gross weight.

Two types of transient excitations are considered:

Maneuver: + 3.0g and -0.5g ramp accelerations with a rise-time of
0.6 second. Supplemental cases are investigated for ramp
rise-times of 0.8 and 1.0 second to illustrate the effect of
ramp rise-time.

Landing: Vertical velocity shocks of 5 and 10 ft/sec are investigated,
where the representative value of landing gear natural
frequency based on helicopter gross weight and under-
carriage stiffness is considered to be 3 Hz.

The limiting design criterion for the study (established in the contract) was
that the maximum relative displacement between rotor and fuselage under
any excitation conditions must not exceed 0.5 inch. Although from the con-
trol point of view, this displacement may be considered excessive and
impractical, the maximum values anticipated are expected to occur during
the most severe landing conditions. For the steady-state flight condition
as well as for the 3g and -~ 0.5g maneuvers, the relative displacement is to
be kept to @ minimum, well within the 0.5-inch value anticipated for
landing, In all cases, of course, the design goal is to provide vibration
isolation approaching 100 percent at the critical frequencies.




The vibration isolation performance of the system is evaluated in terms of
fuselage (or rotor) effectiveness, where effectiveness is defined as the
ratio or response for the unisolated rotor system to that for the isolated
system. In each instance the response ratio is for the vertical acceleration
at the same point in the aircraft. Vibratory forces are generated at the rotor
hub due to blade dynamics and to the overall aerodynamic forces required
to achieve the desired lift, forward speed, and maneuverability. If the same
flight requirements are to be met, the level of these forces must be the
same whether the rotor is isolated or not. However, the accelerations
experienced by the rotor and fuselage would be different for the isolated
and unisolated cases. Therefore, the evaluation of any isolation system
applicable to helicopter fuselage protection from rotor-induced forces
should be based on a comparison of accelerations transmitted to the fuse-
lage (and experienced by the rotor) for the isolat:d and unisolated rotors.
Effectiveness is selected since it directly compares the isolated system
with an otherwise identical helicopter not having an isolation system.
Effectiveness values greater than 1,0 indicate that isolation is provided,
whereas values less than 1.0 indicate amplification.

Six configurations of the electrohydraulic "notch-type" isolator exhibiting

narrow bandwidths of isolation at discrete frequencies are evaluated. These
are two- and three-notch systems designed to the criteria shown in Table I.

TABLE 1
ELECTROHYDRAULIC ISOLATION SYSTEM DESIGN CRITERIA

Maximum Stability Minimum
Relative Gain Effectiveness
Criterion Dirplacement Margin at l/rev
(inches) (db)
A 0.5 20 0.7
0.2 20 0.7
C 0.2 >20 0.7

Design Criterion A is based on the required maximum displacement speci-
fication. Design Criteria B and C were selected in an attempt to increase
the displacement control capabilities of the active isolator, Systems based
on different maximum relative displacement criteria are compared and
evaluated based on their frequency response and stability. Finally,
consideration is given to changes in performance with variations in rotor
speed and fuselage weight, and to power, weight, fail-safe, and main-
tainability requirements.




- DEVELOPMENT OF SYSTEM TRANSFER FUNCTIONS

In order to present the development of the final system design, the

following analyses show: (1) the displacement control capabilities of the
selected feedback mechanisms under sustained forces; (2) the inability of
wideband active systems to provide both the required transient displacement
control and vibration isolation; (3) the characteristics of single-notch
systems, both ideal and realizable; and (4) the open- and closed-loop
transfer functions of the selected multiple-notch system.

Equivalent Integral Displacement Control

Consider rigid rotor and fuselage masses connected by a hydraulic actuator.
Let the flow command signal to the servovalve be the sum of signals propor-
tional to the acceleration of the fuselage y(t) and the relative displace-
ment between the fuselage and the rotor §(t)= gp(t)-x(t) , where x(t)

is the rotor displacement. Neglecting for the moment the frequency response
of the servovlave and the compressibility of the hydraulic fluid, the flow
from the servovalve ?(t) in terms of the feedback signals and associated
gains is given by

c}(t) = -[C. y(t) +Cq S(t)] (1)

where the minus sign denotes negative feedback. Symbols are defined in
the nomenclature.

The actuator, in response to the flow delivered from the servovalve,,
displaces the fuselage relative to the rotor with a relative velocity §(t)
which is expressed in terms of the average area A by

2 t
§(t) = ?( ) (2)
A
The rotor-induced force f(t) accelerates both the rotor mass Mg and
the fuselage mass Mg ; therefore,
f(£) = Ma X(t) + M § (¢) (3)

Using Laplace operator notation, the relative displacement between rotor
and fuselage A(s) due to rotor-induced force F(s) can be obtained
from Equations (1), (2), and (3), rearranging terms, and letting

M = Mﬂ/(MR + M')
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The final displacement of the system & (®) due to a constant force fo
applied at the rotor is obtained by applying the final value theorem to
Equation (4) (Reference 13, p. 91).
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- Ca =
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Examination of Equation (5) indicates that the relative displacement due to
a constant force at the rotor can be made to approach zero if either (a) the
denominator goes to infinity, or (b) the numerator approaches zero as s
approaches zero,

(a) The denominator in Equation (5) can be made to approach
infinity if integral relative displacement feedback is added
to the control system by means of an active integrating net-
work operating on the displacement signal. Replacing 6(t)
in Equation (1) by Cg4 §(t) + C;4/6(t)dt , and solving for
the relative displacement due to rotor force F (t) expressed
in Laplace operator notation, results in

o ’
ACS) = - A F(s) (6)
3 Mstps 4 Ly Cid | Met M
As
10




Applying the final value theorem to Equation (6), the final
displacement & (®0) due to a step in force Fo is given by

S
S(@) = Lim s |- A L _k
220" | Gy Ca Cua|S Mathe
A A As
-0 (7)

which indicates that the addition of integral displacement
control results in a zero relative displacement for a constant
force excitation.

(b) The numerator in Equation (5) can be made to go to zero at low
frequencies (s =jw-»0) by incorporating a lead network of time
constant T in series with the acceleration feedback signal.

A lead network of transfer function '77;8 has unity gain at
]
high frequencies and zero at low frequencies. Replacing
Ca in Equation (1) by Ca _T'3 _, and solving for the relative

displacement, Ut
C /[ Ts )
—A_ (4 215 F(s)
Am=-c (8)
1%} Ms'(_"-‘i) + 5 +.54| MasMe
A 11T,5 A
| ]

Applying once again the final value theorem for a step in rotor

force F, ,
&( TS T
AT+TS b R
§(o)=Lim s |- =
5<e _C£Ms'(—r'5 +54+Ca]| 5 MetM
A 1475 A
=0 (9)

Equation (9) indicates that introduction of a simple passive lead network in
series with the acceleration feedback signal effectively results in integral
displacement control. The static deflection of such a system is the
displacement due to a force of magnitude Fo /Mg + M) = lg . From
Equation (9) the static deflection for this system is zero.

11




Wideband Active System Applied to Isolation of Rotor-Induced Forces

Consider an electrohydraulic system similar to the one developed in
Reference 12 for low-level high-speed aircraft, consisting of an actuator
interposed between the rotor and fuselage masses and servovalve, with
relative displacement feedback, fuselage acceleration feedback modified
by a lead network, and relative velocity feedback. The velocity signal is
generated within the servoamplifier by differentiating the displacement
signal. Therefore, the flow from the servovalve @ (s) in terms of the

servovalve transfer function 64y (s) , the transfer function of the compen-

sator required for system stability 6, (s), the various feedback signals,
and associated gains is given by

Qfs) =- 6, ()6,0) | s C, ('_f%) Y(s) + Cy, SAE) + C4A() | (10)

The flow delivered to the actuator must equal the flow displaced by the
moving piston within the actuator, plus the flow used to compress the
hydraulic fluid and the flow that leaks between the piston and the actuator
walls.

Q(s) = AsA(s) -g%s Rs) -C R(s) (11)

The acceleration of the rotor % X(s) is described in terms of the actuator
force and the excitation force by

Ma 3 X(s) = F(s) + APy (3) (12)

Similarly, the fuselage acceleration s° Y(s) is related to the actuator
force by

M, s’ Y(s) = - APy(S) (13)

The various transfer functions relating the rotor and fuselage accelerations
and the relative displacement between rotor and fuselage to the rotor-
induced force are obtained by combining Equations (10) through (13) and
are given on the next page.

12
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Figure 5 shows the fuselage and rotor effectiveness for a 2,000-pound,

4-blade helicopter. The parameters of the isolation system were adjusted
to obtain a 10-db gain margin and a peak relative displacement of 0.5 inch
during 3 g maneuvers. The system provides a peak fuselage effectiveness

of only 7, At the blade passage frequency (26.6 Hz), the fuselage
effectiveness is approximately 4.5.
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Figure 5. Cruise Effectiveness for Fuselage and Rotor
for Wideband Electrohydraulic Isolation System.

rigure 6 shows the displacements during the +3g, 0.6 sec rise-time
maneuver and the 10 ft/sec landing shock. The peak relative displacement
during the landing shock condition exceeds the required 0.5-inch value

by a factor of six.
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Figure 6. Transient Relative Displacement for 3 g Maneuver and 10 ft/sec
Landing Shock for Wideband Electrohydraulic Isolation System.

It is possible, therefore, to utilize a broadband active isolator to provide

isolation of the fuselage and adhere to the relative displacement criterion

ior the 3 g maneuver, at least for the case where the blade passage

frequency is very high (26.6 Hz). However, even for this case (which of !
all those considered gives rise to the smallest displacement), the displace-

ment during the landing velocity shock greatly exceeds the maximum

allowable values.




Other wideband active systems were also considered during the feasibility
study. Essentially, they consisted of basic electrohydraulic isolators
using different compensation methods in order to obtain a larger margin

of stability and improve the high frequency isolation performance. Systems
using dynamic differential pressure feedback in place of acceleration feed-
back were evaluated in an attempt to eliminate the effect of the actuator
resonance on the system gain margin. An electrohydraulic isolation system
having both acceleration and relative displacement feedback and a
mechanical spring in series with the actuator was analyzed. Such an
arrangement provided both a stable closed-loop system and greatly
improved high frequency isolation performance. Combined hydraulic and
pneumatic components were also evaluated. For these systems the
hydraulic fluid in the actuator was backed up by a compressed gas to give
an effective low bulk modulus of the hydraulic fluid. The resulting perform-
ance is equivalent to the one discussed above using the spring in series
with the actuator. However, none of these wideband vibration isolation
systems could be designed using linear gains to provide the required
vibration isolation and at the same time limit the peak transient relative
displacements during maneuvers and landing shocks to less than 0.5 inch.

Consideration was given to the application of nonlinear feedback methods
to result in wideband isolation of the rotor force during vibratorvy conditions
and limit the peak relative displacements during transient excitations to
within 0.5 inch. The system nonlinearities would effectively limit the
peak transient displacements. However, vibration isolation would be
greatly reduced whenever the system operates in its nonlinear region due

to maneuver loads. The vibratory forces acting upon the rotor would become
more severe during the transient maneuver conditions. Therefore, a loss of
isolation under these conditions would be undesirable, Results of the
analysis indicated that the design requirements could not be met by wide-
band linear or nonlinear active isolation systems,

Ideal Single-Notch Isolator

Wideband isolation systems offer vibration reduction at all frequencies
above some minimum value. However, the vibratory excitations from the
rotor hub occur only at discrete frequencies (Figure 1). Therefore, in order
to verify the suitability of providing isolation at these discrete frequencies,
a simplified analysis was conducted to define the deflections resulting from
a step displacement excitation employing a cvystem which would provide

100 percent vibration isolation at a discrete fraquency only. The relative
displacements due to a step are greater than the displacements due to any
other type of transient excitations. Therefore, the simplified analysis is
conservative when used to evaluate the suitability of isolation systems for
the dynamic excitation of this study.

15




3(t) =u(t)-x(t) - z
= |
] 8
FUSELAGE g : a
MASS
1 ‘g §
[ : £
IDEAL =
w
NOTCH =S 2
ISOLAIOR % <
ut) <o &
e W W, 0 w
ROTOR FREQUENCY FREQUENCY

Figure 7. Absolute and Relative Transmissibility of Ideal Notch System.

Consider an ideal notch isolator having the postulated frequency response
shown in Figure 7, Complete isolation of the excitation is provided in the
frequency range @y to @ with no isolation at all other frequencies. As
indicated, relative isolator motion can occur only at frequencies between
o); and «p . The relative displacement response may be obtained from
the use of the Fourier Sine Transformation (Reference i4). In the frequency
region between «); and wp , the isolator has infinite compliance; thus
the resulting relative displacement & (t) is equal to the time and fre-
quency summation of the input excitation over the time interval 0<t <®
and over the frequency bandwidth of the isolation system W, <& <), :

W @
s(t)g-f? sin u)t./ im(T) sin W dT duw (17)

W, o

The soluticn of Equation (17) has the form of the difference of two Si
(integral sine) functions and is given by

5(t) = -TZT[SL (u.),t) Y (w.t)] (18)

Assume that the maximum relative displacement occurs at the first peak of
the response, Solving for the time at which the first peak occyrs,

T,= ,3-7"—“5- , and defining the notch bandwidth ratio fl=sgg , the max-
lmum relativé displacement §(T,) can be obtained by evaluatihg Equation
(17) at t =T, s
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Figure 8 shows the maximum relative
displacement excitation as 3functlon of
notch bandwidth ratio 2=# ., A
wide-band isolator subjected to the same
transient excitation will have a maximum
relative displacement of unity. Recalling
that the vibratory force excitations

&g.lced by the rotor occur only at dis-

[~
4

2

crete frequencies, the notch bandwidth

uired to isolate any one of the rotor-
induced forces can be very small. Let-
ting {1 =1.056 , the maximum relative
deflection to a unit step displacement
excitation will be only 0.03 or 97 per-
cent less than for a wideband isolator.
Clearly then, it is seen that if the rel-
ative displacement criterion is to be sat-
isfied with a linear system, a narrow-
band isolator must be used.
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Figure 8. Relationship Between
the Maximum Relative Displace-
ment and Bandwidth Ratio for a
Unit Step Displacement Excita-
tion of an Ideal Notch Isolation
System.

Realizable Single-Notch Isolator

The wideband electrohydraulic vibration isolation system previously dis-
cussed can be modified to provide a physically realizable notch isolator.
For simplicity, the system configuration is chosen to be a rigid mass con-
nected by an electrohydraulic isolator to a moving foundation similar to
that shown in Figure 7. Considering only acceleration feedback, and
assuming the fluid to be incompressible, expressions for servovalve flow
in terms of the actuator motion, the feedback signal, and the notch com-
pensator G, (8) can be derived following the analysis shown for the
ideal notch isolator. Flow equations are given by

Q(s)= As A(3) (20)
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and
Q(s)= - C3G. (5) ° Y(5) (21)

Letting § =Y —=u , the transfer functions relating the absolute ¥ and
relative § motions of the isolated mass to the base excitation & can
be obtained from Equations (20) and (21), and are given by

Yes) . ' (22)
U Lag)s v

and

Ca
AGY . A Gu(%) §

us) "%Gc@sﬂ

(23)

In order to generate the ideal response shown in Figure 7, the electrohy-
draulic isolation system requires a compensator G¢ (¢) having infinite
gain between @, and <. and zero gain at all other frequencies. Such
a system is unrealistic since the construction of a filter having gain only
between two discrete frequencies requires an infinite time delay. However,
the gain requirement can be approximated by a second-order undamped
oscillator network of resonant frequency &) having large gain at u),,
and low gain at all other frequencies. The transfer function for such a
compensator is given by
oy
S 22

Substituting Equation (21) in Equations (22) and (23),

Vi) . S+ oh

25)
U (s) s'+%‘ s & o (
and
Ca u.)zs
A(s) _ A h (26)

UE e Cawls o,

From Equation (25), the absolute transmissibility T =

!%—3%' is given by
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T= (u)"z _ J)’ | (27)
(w2-o) s (CT o uJ)z

The bandwidth for the realizable notch ﬂ.o., is defined as the ratio of
the two frequencies at which 50 percent isolation is attained. One of the
frequencies will be higher than <), ; the second one will be lower, Solv- i
ing Equation (27) fcz:r these frequencies with T=0.5 , and letting the flow

ain t = a Wy,
gain term ¢ Jé- =2 Wy

24 G +Ga+G

(28)
[-X ]
246G -GV4+G

=)
I

Equation (28) is plotted on Figure 9.
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Figure 9. Relationship Between Realizable
Notch Bandwidth and Notch Gain
Function. 1
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Figure 10 shows the abso-
¥ // lute and relative transmis-
sibilities of the isolation
system for sinusoidal base
———=RELATIVE X motions as a function of
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frequency for three values
of the bandwidth ratio.
] { Values were calculated
| ‘\ using Equations (26), (27),
\ and (28). Figure 10 indi-
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Figure 10. Transmissibility of Realizable Notch.

The relative displacement time function & (t) for a unit displacement
step at the base can be obtained from Equation (26) and is given by
|

C
< Wh - ‘u)nt) Fy
S(t\ = -" e (ZT sin Jl "-l-(%' u).) wpyt (29)
-V =y
e

Again, assuming that the maximum relative displacement occurs at the first
peak, solving for the time T, at whi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>