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Summary

In the past different methods for reducing rctor-induced
fuselage wvibration have been investigated. Very little atténtion
has been given to active devices however, not only because of
their complexity and cost, but, more importantly, because the
theory had not been adeguately developed. Modern control theory
for multi~variable feedback design with disturbance rejection
is a powerful tool for designing and developing an active rotor
igolation system. This system takes care of the two following
problems, (1) full rejection of unmeasurable harmonic rotor
excitation and {(2) elimination of relative motion of the gear=-
box during static or maneuver loads by means of a trim device.
This paper discusses the theoretical investigations of an active
nodal isolation system, which is now being developed in a re-
search program for testing a laboratory research model. Digtur-
bance rejection controllers have been designed both by Optimal
Control and by the Second Method of Liapunov. The latter concept
is able to tolerate structure flexibility even in the case of
simple output feedback. The numerical results demonstrate that
multi-axis, multi-frequency active rotor isolation is superior
to any existing passive roter isolation device. It is an attrac-
tive solution to the helicopter vibration problem, and, because
of the advanced technology in hydraulic servo system and digital
control by microprocessors, can be made practical in the near
future.
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1. Introduction

In translational flight helicopters are exposed to og=-
cillatory hub loads mainly generated by the vibrations of the
rotor klade aerodynamics during each rotor revolution.

These deterministic disturbances are harmonic with N/rev,
2N/rev etc. freguency components, where N is the number of rotor
blades. Figure 1 shows two characteristic amplitude spectra of
the vertical cabin vibrations of the helicopter BO 105 (4-blade-
rotor) measured in transition and cruise speed flight,

New stringent reguirements for crew and passengers com-
fort and for improved reliability and maintainability have for-
ced the rotorcraft manufacturers to reduce the high vibration
level of today's helicopters. There are different basic techni-
cal approaches to attenuate rotor-induced fuselage oscillations:

- Improved aercdynamic rotor design

- Structural dynamic tuning of the rotor blades
- Rotating system dynami¢ absorbers

~ Structural dynamic tuning of the fuselage

- Nonrotating system dynamic absorbers

~ Rotor isolation (isolating the fuselage from the rotor/trans-
mission unit}

- Higher harmonic c¢yclic control of the rotor blade or of
auxiliary lifting surfaces (flaps)

During the last twenty years extensive research and de~
velopment work has been done in all areas with changing success,
see for example References 1, 2 and 3.

Recent trends in helicopter vibration control seem to
indicate that the industry has accepted the rotor isolation con-
cept as the solution of the helicopter vibration problem.

In the past the majority of rotor isclation systems have
employed more or less sophisticated transmission suspension ele-
ments which do not require a continuous power supply for opera-
tion. While for many applications the performance of passive
rotor isolation systems (References 4 through 12) may be ade-
guate, these systems are showing fundamental limitations com-
pared with active vibration control. As pointed out in Referen-
ce 12 an active rotor isolation system can generally be desig-
ned to have the same effect as a passive isolation system, but
not vice versa. For example it will become clear in the next
section that a simple active controller can substitute the iso-
lation systems of References 8, 9 and 11, 12 respectively. But
no passive isolation system composed of springs, masses, and
dampers, however complex and nonlinear, has all the capabili-
ties of the active vibration control system proposed later in
this paper. The principal advantages of active isoclation systems
are derived at least from three basic features (References 12,
13).
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(1) Active systems can supply or absorb power in an arbitrary
manner, while passive sgystems can only dissipate or tempo-
rarily store and later return energy.

(2) Active systems can produce local forces as a function of
many variables some of which may be measured remotely;
passive systems generate forces related to local motion
variables only.

(3} Active systems can be modified as desired by servocompensa-
tors to establish certain performance specifications, passi-
ve systems do not have this possibility at all.

As pointed out in References 12 and 13, the principal dig-
advantages of active isolation systems compared with passive sy-
stems are derived from their need for an external power source,
their possibly increased complexity and cost, and decreased re-
liability. But as experience with active gsystems grows and pos-
sibly modern microprocessor technology is maybe established for
signal processing, the time will surely come when a computer
controlled electrohydraulic rotor isoclation system may even be
superior to a passive system on a price, weight, and reliability
basis. This will be, because passive rotor isolation systems
need to be overdesigned as stiff, heavy structure while light,
flexible, efficient structures with active control would be su-
perior (see Reference 12 for further comments on other advanta-
ges of active isolation).

The purpose of this paper is to discuss the facilities
offered by active nodal rotor isoclation in comparison with exi-
sting passive systems. The paper doesn't deal with the whole
MBB research program (see Reference 14) to develop an active
nulti-axis, multi-freguency nodal isolation system, designated as
ASIS (Aktives Schwingungs-Isolations-System), but is concentra-
ted on some essential results of the theoretical investigations
for an active isolation system, which is now being developed
for testing as a functional model.

2. Helicopter Vibration Control by Rotor Isolation

2.1 Rotor Isolation System - A Review

Different approaches featuring rotor isclation have been
considered in the past. Conventional isolation using low natural
frequency transmission suspension is applicable only with ac-
tive trim devices for limiting the relative deflections of the
gearbox due to large steady rotor loads. The vibration spikes in
Figure 1 show that broad band isolation capability is not needed
in helicopter vibration control. The task of rotor isolation is
to reject the most siginificant N/rev and 2N/rev freguency dis-
turbances which are usually responsible for component fatigue
and passengers discomfort. Fuselage 1/rev vibrations due to re-
sidual unbalance and insufficient blade track are to be reduced
preferably by flight balancing and tracking.
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Several passive antiresonant systems have been tested,
which were qualified to reduce at least the first blade passing
frequency (N/rev). The focusing of the rotor/gearbox mounting
(Reference 4, 5), and the nodal beam suspension of the rotor/
gearbox/engine unit (Reference 6, 7) belong to a class of sy=-
stems which use "natural" antiresoconances for isclation purpose,
These systems are difficult to tune, sensgitive to parameter
variations (for instance gross weight changes) and limited in
application, Advanced roters such as hingeless or bearingless
rotors demand for multi-axis rotor isclation. This can he achie-
ved by appropriate force isolators placed between the rotor/trans-
mission unit and the fuselage. These isolators are easy to tune
and produce "artificial" antiregonances for isclation purposge.
Passive antiresonant force isolators have received considerabkle
attention from the industry; notable are Kaman's DAVI (Referen-
ces 8, 9) and Boeing-Vertol's IRIS (References 10, 11) for sing-
le- and multi-frequent isolation respectively.

A first concept of fully active rotor nodal isecolation
system was developed by the Barry Wright Corporation in the late
1960's (Reference 17). The feasibility of active narrow-band
isolation systems had been demonstrated in laboratory and ground
tests for single-axis two-fregquent isolation systems (References
18, 19 and 20). However, further studies and testing are recom-
mended in the cited references as a means to arrive at a better
understanding of multi-axis active igeolation technigues in the
presence of structural response of the isolated fuselage. It was
claimed that active isolator performance and stability can be
seriously degraded by igolated structure flexibility. Besides
this pioneering work very little attention has been given to
active rotor isolation devices. Therefore only Reference 2 can
vet be quoted, which reports of flight tests with an active
lift link in open loop control,

Quite recentlv modern control theory for multivariable
feedback design with disturbance rejection has been developed
and will prove to be a powerful tool for designing and develop-
ing active rotor isolation systems {(Section 3). As an aid to
understand active rotor isolation a simple mathematical heli-
copter model is presented in the following sections.

2.2 Rotor Nodal Isolation by Force Isclators

It has been pointed out that multi-axis, multi-frequency
rotor nodal isolation systems - passive or active - are practi-
cally realized best by interposing special isolators between
the transmission unit and the isolated fuselage. For simplicity
a single-axis vertical rotor isolation system is selected in
Pigure 2 (left}) with two rigid masses, one for the rotor/trans-
mission unit and the other for the fuselage. The fixed system
vertical hub forces excite the upper rotor/transmission mass.
The two masses are connected by an isolator device (black box).
If the isolator does not transmit any oscillatory forces to the
fuselage, perfect rotor nodal isolation is achieved. That's why
the black box isgsclator is desgignated as force igelator. In the
case of ideal rotor isolation discrete frequency excitation forces
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are fully compensated chiefly by inertia forces of the oscilia-
ting rotor/transmigssion mass and the corresponding residual iso=-
lator output forces (rotor side, see Figure 2 right}. The force
isclator blocks locally the load path to the fuselage for rotor
disturbances that are composed of harmonics whose frequencies
are known. In practice only the isclation of the first two blade
passage frequencies 1s necessary. The discussion of Figure 2
has made clear that rotor nodal isclation is a disturbance re-
jection problem.

2.3 Antiresonance Isolators and Disturbance Rejection
Controllers

The crucial element in every rotor nodal isolation system
is the force isclator. Due to the model of Figure 3 common uni-
directional force isclators consist of the following three com-
ponents:

{1) force generator
{(2) spring

(3) damper

The realization of the force generator depends on the spe-
cial system, see Figure 3 (right). The well-known DAVI system
uses a simple mechanical pendulum, which acts as a passive force
"generator" where output are inertia forces. This concept uses
a combination of oprosing spring and inertia forces to create
a node at the fuselage attachment point in case of antiresonance
(see Reference 10). It should be noted that passive antiresonant
isolators do not have the capability of opposing damping forces;
that's why the parallel damper of the isolator must be kept as
low as possible,

The situation is quite different for an isolator with a
hydraulic servoactuator as active force generator. This element
can oppose spring and damping forces at will. Therefore the ac-
tive force isolator of Figure 3 can be used in principle like
the DAVI element. If appropriate feedback control is used, the
actuator forces oppose the eguivalent spring forces, and resi-
dual damping forces guarantee system stability. Of course this
controller concept is by no means adequate for active rotor iso-
lation. Actuator non=-linearities would make this "antiresonant”
controller quite difficult to implement, and stability problems
can yet be predicted. But there are other more effective con-
troller concepts, which are very well suited for high perfor-
mance active rotor disturbance rejection. The underlying prin=-
ciple of these systems with disturbance rejection feedback con-
trollers are explained best by Figure 4, It is well-known by
classical control theory that feedback systems with infinite
loop gain would ideally be able to reject all disturbances from
the interested output variable. Of course ideal disturbance re-
jection is not feasible in practice. Infinite loop gain can be
achieved only for a certain class of disturbances by appropria-
te servo compensators. An active rotor isolation system using
the concept of nodalization has to perform the following two
tasks:
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(1) Airframe Vibration Control by rejection of rotor
induced blade passage harmonics in the operating
range of rotorspeed.

(2) Transmission Deflection Control by automatic trim
for limiting the steady and quasi-steady relative
deflections of the rotor/transmission unit in
level and maneuver flight.

Due to Figure 4 the rotor disturbance rejection problem demands
for '

(1) notch filter feedback of the vibration output
{transmitted isolator force or acceleration
at the airframe attachment point)

(2) integral feedback of the trim output (isolatoxr
deflection).

In the next section more details will be given about the
underlying theory and its application to multi-axis, multi-fre-
gquency active rotor isolation system.

Typical results of a single axis (vertical axis) passive
and active nodal isolation system for the helicopter BO 105 are
presented in Figure 5. Comparing the amplitude response of the
relative transmission deflection |4z (iw)!| and force transmissi-
bility of the isolation system TR = |Fr(iw)/Pr(iw)| the charac-
teristics of both systems are easily revealed. The passive anti-
regonant system {DAVI) shows its typical frequency-response with
resonance peak at 24 Hz, and an antiresonance in the transmissi-
bility plot at 28 Hz (first blade passage harmonic).

If the spring and damper data of Reference 10 are accep-
ted, the pasgsive system achieves the following isolation effec-
tiveness and steady transmigsion deflection:

1 - TR = 95% at w = 28 Hz

O

Az = 1.1 mm/g at w

The two~frequency active nodal isolation system with
automatic trim is designed to accomplish (theoretically) the
three specifications

1 - TR = 100% at wq = 28 Hz
1T - TR = 100% at Wy = 56 Hz
and Az = 0 at w = o .

This system ig free from resonance peaks, the integral
controller leads to the zero at the origin of the fregquency
regponse plot (Figure 5 left) and the notch filter feedback
to the two zeros in the transmissibility plot (Figure 5 right).
The fuselage seems rigidly connected to the transmigsion with



"notches” at 4/rev and 8/rev. More details about this actively
controlled isolation system will be given later in the next
section.

3. Active Rotor Igolation Svyvstem Analysis and Design

3.1 Multivariable Feedback Thecrv for Disturbance Rejection

The subject of disturbance rejection by feedback contrcller for
linear time-invariant multi-variable systems was considered re-
cently by several authors, see References 21 through 25. An in-
troduction to the problem of disturbance rejection and a com-
prehensive set of related reports are given in Reference 26.
The disturbance rejection controller concept develcped by
Davison {(References 22, 23, 24) has found to be fundamental for
the analysis and design of an active rotor nodal isclation sy-
stem with automatic trim. The block diagram of Figure 6 shows
the basic control configuration obtained for a multi-axis two-
frequency rotor isolation system with two servocompensators:

- Isclation Compensator: 42 - and 8% -~ notch feedback of
the isolator output yr, so that asymptotically
vy(t) - 0 as t » =. (The notches should be able to adapt
rotor speed variations, i.e., autcmatically change their
nominal centre frequency).

- Trim Compensator: Integral {Of-notch) feedback of the trim
output yp, so that asymptotically
yT{t) * Sref as t -+ o,

This control concept may be interpreted as being a gene-
ralization of the single-input single-output disturbance rejec-
tion solution (Figure 4) tc multivariable systems.

To recapitulate the fundamental properties of the control
system of Figure 6 are the following:

1. The controller is of feedback type.

2. The feedback locp incorporates a model of the dynamic system
which generates the external disturbances to be rejected.

It has been shown that these are necessary features of
any controller which has to be "robust" {Reference 22) or "struc-
turally stable" (Reference 27).

The existance of a solution for the stated twofold rotor
disturbance rejection problem can be estabklished by necessary
and sufficient conditions given in Reference 22, too,.

In practice the complete state of the isolation system
is generally not available by measurement, and the control con-
cept of Figure 6 must be augmented by a stabilizing compensator
as indicated in the block diagram of Figure 7. The sole purpose
of the stabilizing compensator is to stabilize the augmented
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system obtained by applying the servocompensator to the plant
(see References 23 and 24).{It must be noted that due to Davison
the integrator and notch outputs may be added to the input of
the stabilizing compensator from Figure 7 alsc). The practical
feasibility of the modified control configuration (Figure 7)
with output feedback depends upon the complexity this stabili-
zing compensator is needed for. The possibility of simple out-
put feedback without an additicnal compensator for stabilizing
will be discussed later.

3.2 State Equations of a Single-Axis Active Rotor Isolation

System

For better undergtanding of the theory discussed before
the plant equations for the simple single-axis vertical rotor
isclation system with rigid masses will be given. The linea-
rized egquaticns for an electrohydraulic force isclator are pre-
sented in Table 1. By proper selection of the hydraulic compo-
nents (Reference 28)

~ servoactuator with high hydraulic stiffness
- servovalve with high natural freguency
- bypass for lowering the actuator pressure gain

it is possible to reduce the actuator equations to that of an
"ideal" force generator with an equivalent linear (hvdraulic)
damper in parallel (Table 1 bottom). This reduction can be
established mathematically by the so-called singular perturba-
tion method, see Reference 29. This method actually leads to a
complete separation of slow and fast svstem modes. It can be
used very effectively for control system design.

Table 2 contains the dimensionless state equations of the
single-axis helicopter isolation system. The '"design model" is
based on the reduced force isolatcor eguations and is suited for
the control system synthesis, whereas the "simulation modei™
uses the complete isolatcr equations, With the reference quan-
tities

i

5
8o 0.0025 m, Appax = 2.06 = 10 N/m?,

imax = 10 ma, and Q 44.4 rad/s = 7 Hz

the following nondimensional values for Table 2 are obtained:

wpy = 125.70, g5 = 0.005, wey = 1257.0, Lgy = 0.5,

Ga = 2288.49, Tx = 6.97-10 %, Ks = 0.61185, d, = 0.00216,
M = 0.1519, Yy = 34.832, & = 1.9898, A = 2,659,
Re = 0.6644, Ry = 6.413-107°
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3.3 Control System Design by Linear Optimal Control Theory

For active vibration isolation the Optimal Control Method
is especially suitable because of the possibilities offered by
weighting factors for state and contrel variables (see Referen-—
ce 12). One can easily find stable control systems with the de-
sired performance without excessive values of auxiliary variab-
les.

For a linear control system with the state x and the con-
trol input u the quadratic performance criterion

o0
J = J x
&
has to ke minimized. The solution of the corresponding Riccati
equation leads to a constant linear feedback controller., Thus,
one can obtain a fast response with large contrel forces or a
slower response with lower control forces (see Reference 30},

T 0 x + ET

H u) dt

The actual control system is illustrated in Figure 8. As
shown in the previous section the complete mathematical (simula-
tion) model can be reduced to a simpler system {(design model)
by neylecting the actuator dynamics, so that only the isclator
deflection Az, its derlvatlve Lz, the 1ntegrator variable ng,
and the notch variables nq, n1, ny, and n3z have to be controlled.

The problem was now to find appropriate weighting factors
for the diverse variables. As a first attempt all variables were
weighted egually with the factor 1 with the exception of Az,
which got the weighting factor 0.001 because of its lower impor-
tance. With the special MBB computer program REGEL ("computer
aided design”) the controller coefficients have been found. The
excellent time behaviour of this "first attempt controller™ can
be seen on the Figures 9 and 10. Figure 9 shows that at a harmo-
nic disturbance the isolator deflection Az reaches a stable os-
cillation after 3 cycles; the isolator force Fy vanishes after
ca. 4 cycles i.e. 1 rotor revolution or 1/7 sec. The similarily
fast response of the notch variables ny and np is shown on Fi-~
gure 9 right. A test maneuver ramp load of 1.5 g in 0.5 sec
vields the response of Az and Fy given in Figure 10 left. The
trim integrator limits the isolator deflection to less than 6%
of the maximal actuator stroke (= *#2.5 mm). The isolator force
reaches the value of 1.5 g times mp/(mp + mp). A unit step de-
flection (Figure 10 right) shows the good tracking behaviour
of this Optimal Controller.

The frequency response of Az and F; has been presented
already in FPigure 5 in comparison with the DAVI results. The
vibration isolation can directly be seen from the solid line in
the force transmissibility plot (TR-;ﬁl/FRI . Oscillations with
the freguency of 4{ and 80 are completely canceled, but the band-
width of the isclation is not very large {as reference value
TR = 0.1 or 90% isolation is taken). So the main criterion of
this controller design is not the time behaviour but the fre-
quency response. For spreading the isolation band-width the
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notch variables were welghted with higher factors. Figure 11
{right) shows for example that with a weighting of 1000 a very
broad vibration isolation can be obtained. The limit of these
possibilities is reached, when this controller is connected to
the complete simulation model, because stability problems arise
with such a high gain controller, A compromise between stabili-
ty of the simulation model and band-width of the isolation can
be found by weighting the control input appropriately. Figure
11 (ieft) shows the transmissibility for the weighting values

0 = diag (1, 0.001, 1, 1000, 1000, 1000, 1000) and H = 100.

The use of Optimal Control Theory for active nodal isola-
tion of flexible structures calls for a special stability com-
pensator (see Figure 7) known as state observer, possibly with
disturbance estimation. This problem had been investigated in
References 31 and 32.

3.4 The Energy Ceontreoller - A Liapunov Concept for Active
Rotor Isolation

In order to overcome the difficulties of active rotor
nodal isolation in presence of structure flexibility Laier has
pronosed (Reference 33} a control concept based on the Second
Method of Liapunov {(see References 34 and 35). The correspond-
ing klock diagram is shown in Figure 12 for a multi-axis two-
frequency active nodal isolation system completed by an inte-
gral trim feedback. For the analysis of this concept the know-
ledge o©f an appropriate Liapunov function is necessary. In
Table 3 a Liapunov function is generated by using the Hamilto-
nian function of the whole system. The derived "Energy Control-
ler" stabilizes the resulting system by the following three
feedback loops:

YL - position feedback,

YL
and eventually ¥1, - acceleration feedback,

velocity feedback,

where yr, = 6 = E Gy Ny (v = 1,2)

is the difference of the isolator deflection § and a weighted
sum of the notch variables n4 and n,. The new vector yr, desig-
nated as Liapunov output signal, and its two derivatives must

be available by measurement etc. The input to the plant (heli-
copter) and notches (undamped oscillators) are the signals Fz

of the transmitted isolator forces and are not the accelerations
ay at the corresponding airframe attachment points. For an ideal
rigid fuselage both feedback signals are clearly proportional
(see Table 2}, but this is no longer the case for real flexible
helicopter airframe structures, see Reference 18.

If the second order matrix differential equations are
transformed into first order state equations, the Liapunov con=-
trol concept of Figure 12 accepts in principle the form of
Davisgon's control configuration (Figure 7) with
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- gsimple output feedback control (Mo stabilizing compensator
necessary!)

- "feedforward control" in case of acceleration feedback (No
measurement of rotor disturbances necessary!)

In summary the "Energy Controller™ is a new concept in
active rotor nedal isolation. Taking advantage of the special
structure of the plant egquations, this concept can tclerate
structure flexibility and does not need any stabilizing compen-
sator. The implementing of trim loop may result in some stabi-
lity problems. This possible difficulty can be overcome by
using a parallel spring to the isolator with sufficient stiff-
ness.

3.5 Control Svstem Design by the Seccond Method of Liapunov

It has just become practical to synthesize an active
rotor nodal isolation system in the time domain due to the Lia-
punov concept of Table 3 by computer aided design. Therefore,
first results for a single~axis helicopter model with

(1) rigid fuselage mass,

and (2) flexible fuselage structure modelled by four
symmetric modes with natural freguencies at
7, 27, 75, and 163 Hz

can be presented now. All the controllers were computed with a
modified version of the program REGEL mentioned in an earlier
secticon. The actual contrel system is illustrated in Figure 13,
Por reason of simplicity the acceleration loop has been omitted.
Puring the design process

three controller coefficients Ko Kij and Kai
{all positive),

and two notch-weights waq, apy (both positive)

had to be adjusted approvriately. To assess the effect of flexi-
bility of the isolated fuselage mass,Figure 14 compares related
time histories of the transmitted 1solator force Fr/{mtot-g) and
the corresponding isolator attachment acceleration Zyp/g due to

a cosine rotor disturbance. The 4%~ and 8{i-rotor forces start at
time t = 0. From Figure 14 (left) one can easily find that in
case of a rigid airframe the computed force and acceleration are
proportional, as expected, and are aquickly rejected by the con-
troller. More interesting are the plots for the model with air-
frame flexibility, see Figure 14 {right). Using the same "Energy
Controller", the transmitted isolator force is rejected as be-
fore, whereas the airframe acceleration is not. This result im-
pressingly demonstrates, what active rotor nodal isolation by
the Liapunov concept really means:

Active rejection of rotor disturbances, but not active
control of the airframe wvibration modes.

That's why the airframe vibrations are suppressed mainly by



structural damping. Figure 15 continues the comparison of the
system with and without airframe flexibility in the frequency
domain. As expected, the force transmissibility of both svstems
is nearly equal except for the disturbking effect of the first
mode (natural frequency in the vicinity of 1/rev). Further in-
vestigations will probably confirm the applicability of the
Liapunov Controller for active roteor nedal isolation in case

of real flexible airframe structures.

4., Multi-Axis Rotor Isclation Concept

Reference 14 gives an active rotor nodal isclation c¢on-
cept for the helicopter BO 105 with application of multivariabie
feedback rejection controllers (Figure 6). By use of the rigid-
body model of Figure 16 the performance of a three-channel iso-
lation system has been investigated. Figure 17 shows for example
the force transmissgibility "matrix" for nodal isclation of 4&-
disturpbances in the horizontal, vertical, and pitch axis. The
controller was designed by Optimal Control Theory; hetter re-
sults could be achieved simplyv by changing the weighting factors.
It should be noted that, in principle, rmulti-axis system synthe-
sis presents no special difficulty for modern state-variable
technigue, '

For the purpose of research and development the follow-
ing isolation system has been defined for the heliccpter BO 105
{see Figure 18):

- isolation axis

1Y

5 (vaw axis unisolated)

.

- nodal freguencies 4/rev, 8/rev

- servoactuators : 3 vertical, 2 horizontal
(balanced}
- servovalves : electrohydraulic
- hydraulic supply : high-pressure power package
(3000 psi)
- notch filters : adaptive for rotor speed variation
- transmission trim : automatic
- controller : DDC (microprocessor)
- Sensors : relative displacement,differential
(for each isolator) pressure, and acceleration {if need-
ed)

- fail-safe precautions : shutoff device, sgpring support

A summary of estimated power, weight, and cost for this system
is included in the tables of Figure 18.
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5. Laboratory Research Model

The Laboratory Research Model (Figure 19) wag defined
for investigations of one vertical channel of an active isola-
tion system, in particular of the electrohydraulic actuator in
connection with different control concepts.

Scaling

Since three egual actuators are provided for the heli-
copter vertical axis, the size of the model may be reduced
using only one actuator and scaling the mass values (1 : 3}.
This results in

Tuselage + Actuator : 670 kg
Rotor : 120 kg
I i 790 kg = % Myop -

Description

- The helicopter is simulated by two symmetric bodies, of which
the middle one simulates the fuselage and the outer one the
transmission and rotor system. The latter was designed as a
framework in order to ensure suspension as well as excitation
with available implements. While the rotor/transmission mass
of the model is a rigid body, the fuselage mass is designed
both as rigid and as flexible body.

~ The two bedies are connected by the actuator and two parallel
support springs.

- Rotor-disturbances are simulated by an electrodynamic shaker.

- In order to ensure only small deviations from the free-free
flight vibration state, the rotor/transmission system 1is
suspended on a very soft spring {(air spring).

- For preventing displacements in the horizontal axis the two
bodies are lead by auxiliary springs with low system frequen-
cies in the vertical and high frequencies in the horizontal
axis.

Actuator, Servovalve

In corder to realize the nodal isclation concept, all
svstem components — actuator, servovalve, and sensors - have to
satisfy svecial requirements. Surely the critical component is
the servoactuator, which should have dry break-out friction less
than 200 N (equiv. 1% max. load).

Actuator {(fabricated by HAENCHEN, Stuttgart):
stroke : * 0.25 cm
10.0 cm?
150 cmi/s & 9 cis

e

piston-area (balanced)

max. flow
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supply pressure : 206 bar = 3000 psi
dry break-out friction : < 200 N

Servovalve, flow controlled (MOOG, Type 30, Standard Series 31):

max. pressure : 206 bar 2 3000 psi
max. flow : = 430 cm’/s £ 26 cis
linearity 1 <t 7%
hysteresgis 1 < 3%
threshold : < 0.5%

Sensors

The principal sensors are:
- relative displacement transducer

- accelerometer and load cell respectively (in geries with
actuator).

Because of some difficulties, using a load cell for measuring
the transmitted isclator force, a differential pressure trans-
ducer is provided for “"computing" the Fy-signal.

Data:
Differential Pressure Transducer (Standard Controls Inc.,
210-60-090}
nonlinearity/hysteresis : 0.25%
repeatability : C.1%
pressure range : & 3000 psi

Relative Displacement Transducer (TWXK, IWI10)}

linearity : 0.5%

Accelerometer (Sundstrand Data Control Inc., Q& 1000)

linearity : 0.03%
hysteresis : 0.001%
repeatability : 0.003%

The laboratcry tests will show, whether rotor disturbance
compensation by inertia forces for both blade passage harmonics
can be realized. The following data gives an impression of the
practical problems (see Figure 5);:

transmission displacement at 48 = 28 Hz : 2.0 mm/g

transmission displacement at 82 = 56 Hz : 0.5 mm/g
Typical vertical loads for maneuver:

40 ¢ Fgp =% 0.13 g » Az = * 0.26 mm

80 : Fp =t 0.052 g » Az = £ 0.03 mm
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Advanced hydraulic technology will probably be able to handle
actuator ogscillations of such small values.

6. Conclusions

The following c¢onclusions can ke drawn from the results
of the ASIS research program:

- Modern state-variable technicue for disturbance rejection
controllers is a powerful tocol for analysis and design of
multi-axis, multi~frequencv active rotor nodal isclation
systems.

- Structural flexibility can be tolerated by the sc-called
"Energy Controller"”. This control concept, based on the
Second Method of Liapunov, takes advantage of the special
structure of the plant equations, and does not demand for
stabilizing compensators in case of output feedback.

~ The worked-out concept will now be tested in a laboratory
research model, and subsequent flight tests have to be made.

~ The performance of active rotor isoclation is superior to
any existing passive device.

- The principal disadvantages of active rotor isolaticn
systems compared with passive cnes are their complexity
and cost.

~ However, actively controlled hydraulic servoelements -
probably in connection with advanced microprocessor
technology - will surely be the solution of the heli-
copter vibration problem.
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