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Abstract

A computerized generic active controller has
been developed for alleviating helicopter vibratieon
by closed-loop implementation of higher harmonie
control (HHC). This contzeller provides the capa-
bility to readily define many different algorithms
by selecting from three control approaches (deter-
ministic, cautious, and dual), two lipear system
models {local and global), and several methods of
limiting control. A non—linear aercelastic anal-
ysis was used to evaluate alternative configura-
tions as applied to a forward-flight simulation of
the four-bladed H-34 rotor operating on the NASA
Ames Rotor Test Apparatus {RTA), which represents
the fuselage. Excellent comtroller performance is
demonstrated for all three contrel approaches for
steady flight conditions, having moderate to high
values of forward velocity and rotor thrust.
Reductions ip RTA vibration from 75 to 95 perceant
are predicted with HHEC pitch amplitudes of less
than one degree, Good transient performance and
vibration alleviation 1s also demonstrated for
short duration maneuvers involving a sudden change
in collective pitch. The existence of multiple HHC
solutions to achieve low vibration indicates rhe
potential for «¢alculating solutions that also
reduce the detrimental effects of HHC on blade

stresses and rotor performance. The effect of
controller tunimg on system performance is also
discussed.

Notation
Cp thrust coefficient
M quadratic performance index
Jq quadratic vibration performance index
M mobility matrix between hub and

fuselage

P covariance of identified parameters
Bopr covariance of transfer matrix
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Pogy crogs-covariance of transfer matrix and
uncontrolled vibration

Pyg covariance of uncontrolled vibration

R covariance of measurement nolse;
total blade radius

r btade spanwise location

T transfer matrix between controel inputs
and vibration response

v airspeed

Wy vibration weighting matrix

Wap rate of change of coatrel weighting
matrix

Wa control amplitude weighting matrix

z vibration respoange vector in the RTA

%y vibration response vector at the hub
(fixed system)

Z, uncontrolled vibration respoase vector

B indicates ¢ontrol approach in generic
algorithms

Y control vector dependent upon system
model (see Eq. {3))

48 incremental change in pitch control

Ag o max allowable clange in pitch control

g pitch control vector

stochastic control constant
rotor scolidity

Subscripts

i time step or Tolor rev
i3 diagonal element of matrix

Superscripts.

T matrix or vector transpose
* calculated optimum control

Introduction

Commercial wutilization of the helicopter is

directly affected by both cruise velecity aad
passenger perception of a "jet-smooth" ride. Thus,
increasingly stringent  wvibration requirements
coupled with the desire for high speed aircraft

have made vibratiom alleviation one of the prime
objectives of the helicopter industry. The need
for further improvements in vibration is readily
apparent in the amount of research being conducted

and in the diversemess of the approaches being



pursued, References 1 and 2 represent the renewed
interest in understanding the fundamental sources
of vibration and redesigning the blade in order to
desensitize it to vibratory rotor airlcads. Refer-
a methed for optimizing more
conventional procedures that use passive devices,
vibration absorbers, to desensitize
in the fuselage to forces trans-
mitted from the rotor. The potential limitation of
these methods is that they may not sufficiently
reduce vibration over a wide range of flight conrdi-
tions.

ence 3 formulates
such as
eritical points

Ia contrast to the many passive design proce-
dures currently being pursued, the use of a self-
adaptive controller to implement higher harmonic
control {BHC) 1n closed-loop fashion potentially
allows significant wvibration reduction to be
achieved throughout the Fflight envelope. In this
approach, higher harmonic blade root pitch, which
input through the standard swashplate con-
figuration, is used to modify blade airlcads and
reduce harmonic blade fuselage.
Reference 4 presents an excellent review of past
helicopter higher harmonic The
effectiveness of HHC 1in reducing vibration was
experimentally verified by open-loop wind tunnel
model testing in Refs. 5 through 7. In Ref. 8, the
loop was <c¢losed and vibration was reduced by
actively adjusting HHC amplitudes to minimize
vibration based on off-line identification of the
relationship between vibration and control inputs.

can bhe
forcing of the

control work.

References 9 through 1l successfully combined
closed-loep HHC with optimal countrol theory to
actively reduce vibration in real-time. References

9 and 10 present the results for a numerical simu-
using a nonlinear aercelastic helicopter
vibration analysis, while Ref. 11 preseats the
results for experimental testing of a model articu-
lated roter in a wind tunnel.

lation

through 16 have investigated
the closed-loop HHC vibration
effects of system
initial estimates of

References 12
various aspects of
control problem such as the
nonlinearities, errors in
system properties, measurement noise,
rions in flight speed on controller stability and
performance. These references alsc proposed a few
refinements to the control algorithms wused.
Finally, Ref. 17 presents the results of a flight
test with closed-loop HHC.

and varia-

While previous research has verified the
feasibility, both theoretically and experimentally,
of reducing wvibration with closed-loop HHC, pub-
lished with the refinement and
direct comparison of various algorithms is lacking.
Such an effert is needed as a step in developing an
"optimum" multivariable algorithm for the helicop-
ter vibration problem. The purpose of the investi-
gation reported in this paper is to refine, eval-
uate, and compare alternative controller config-

work concerned

urations 1n order to more fully understand the
effects of tuning parameters within the algorithms
and their relative performance. The algorithms
selected for evaluation are those shown in previous
studies to have the potential for providing effec—
tive vibratiom alleviatien. Three control
approaches (deterministic, cautious, and dual), two
system models {local and giobal), and
methods of limiting control have been used as the
basis of these algorithms. The resclts presented
herein summarize the key findings of the research
reported in Ref. 18.

various

Analytical Simulation of Vibration Controller

Conventicnally, higher harmonic contrel (HHC)
is implemented in the main rotor system to modify
blade airloads and harmonic vibratory
blade forcing of the fuselage. As shown in Fig. 1,
higher harmomic blade pitch is input through the
standard helicopter swashplate. In the closed-loop
system shown, a set of fixed-system sensors
measures Lthe resulting vibration response to be
provided to an active controller. Based on this
response and system
parameters, the active controller calculates and
commands the RHC inputs required to further reduce
vibration in the fuselage. For a four-bladed
helicopter rotor, 4/rev vibration in the rotorcraft
is minimized by prescribing &4/rev collective and
eyelic motions inm the non-rotating swashplate,
which result tn blade cyclic pitch motions at 3, 4,
and 5/rev in the rotating system (Ref. 19).

minimize

on-line identification of

ACTUATOR
SIGNALS

MICRO—COMPUTER/
CONTROLLER

VIBRATION
SENSORS

Fig. | Active vibration control system.

In the curreant study, a digital computer simu-
lation of the above vibration coatrol system is
used to evaluate and compare the performance of
gseveral different controller algorithms. As shown
in Fig. 2, this simulation is achieved by linking
an existing nonlinear aeroelastic analysis, which
gsimulates the rotoreraft, to a computer subroutine
that performs all the functions of the active
vibration controller. The rotorcraft simulation
and each of the components of the active controller
will be discussed separately.



ROTORCRAFT 7| VIBRATION
SIMULATION SENSORS IND?EX
G400 Jz=Z'WyZ
RGTORCRAFT SYSTEM _ o
ACTIVE
CONTROLLER
HARMONIC
LIMITER ANALYZER
X
ag* MINIMUM | T. Zo | PARAMETER
VARIANGE {DENTIFIER
CONTROL T=82/30

Fig. 2 Simulation of active vibration control system.

Rotorcraft Simulation

The nonlinear aeroelastic analysis used to
simulate the rotorcraft is the G400 analysis, docu-
mented in Ref. 20. This computer analysis performs
a time history solution of the differential equa-
ticns of motion for a helicopter rotor coupled with
a flexible body such as a fuselage. The nonlinear
equations of motion are solved by using a Galerkin
procedure in which the uncoupled normal modes of
the rotor and fuselage are used as degrees of free-

dom. A feature of G400 which makes it especially
suitable for this study of self-adaptive HHC is
the capability of computing a transient time

history which considers the influence of a flexible
fuselage and the motion of each individual blade.

For computational efficiency, a constant inflow
model has been used in the current study.
Sengors

The simulaticn of sensor components, used to
provide vibration response information to the

active controller, is based on calculating linear
accelerations the fuselage hub from the G400
time history formulation. Fuselage accelerations
are then calculated from accelerations at the hub
(fixed system) by the following linear transfor-

mation:

at

Z = M¥ Zy (1)
For the four-bladed rotor used in this study, Z is
a2 vector of the cosine and sine componeata of &4/rey
acceleration in the fuselage, and Zy is a vector
of the cosine and .sine components of 4/rev acceler=
at the hub., The mobility matrix M is deter-
Erom a steady state forced vibration analysis
on a NASTRAN model of the selected rotor-
The computed accelerations are processed by

ation
mined
based
craft.

1

a harmonic anélyzer to obtain phase and amplitude
relationships.
in this study.

Measurement noise was nobt simulated

Active Controller

Six primary controller algorithms are eval-
uated in this study. These result Ffrom three
different adaptive conttvol approaches (determin-
istic, cautious, or dual} for calculating minimum
vibration control solutions and from two system
models {local or global) which can be used as the
basis for each control approach. Regardless of the
controller configuration implemented, there are two
fundamental characteristics of the active control-
ter: (1) a quasi-static iinear transfer matrix
{T-matrix) relationship between the vibration
response and the HHC inputs is assumed; (2) the
T-matrix is identified on-line to account Ffor
changes due to system nonlinearities or variations
in flight condition. The generic controller used
in this study ig formulated such that each of the
primary algovithms can be implemented according to
the value of only two parameters, which indicate
the system model and the control approach selected.

It is assumed that a quasi-static linear T-
matrix relationship can be defined (for the ith
rev) between the higher harmouic pitch and the

vibration response. The form of this matrix rela-
tionship depends on the system model wused to
represent the rotorcraft. For the lecal model the
T-matrix is defined by

Zi = T(ai"‘ et‘l) + Z!."]. (2)
In this expression, T is the matrix relating 4/rev
fuselage vibration response Z to HHC inputs 6, the

harmonics of multicyclic control in the rotating
system. This system model is termed tha local
model to indicate linearization of the T-matrix
about the current control point. In contrast, the

global model linearizes the system T-matrix about
the uncontrolled vibration level Z, (zero HHC),
and the matrix relatioonship is defined by

Z: =T 8. + 2 (3}

i i o

‘The algorithm for a given control approach and
system model is based on three interrelated opera-
tions that perform the controller functions shown
in Fig. 2 (e.g., minimum variance ceontrol, Kalman
filter aystem identification, and 1limiting of
control inputs). These operations are described in
the following sections.

Minimum Variance Control - The required change
in the HHC inputs for minimum vibration in the ith
sample period is calculated by a minimum variance
control algorithm, which is discussed in detail in
Ref. 18. This algerithm is based on minimization
of a quadratic performance index that consists of a




weighted sum of the mean squares of the input and
outpub variables:

T

_ Traoren. T T

J—Z-l WZZ{"‘Y{_(B A Pi.)' wzjj)Yi"'Binei*AeiwAaﬁei (4)
3

where Y;=A%; for the local model and Yi=(9¥ 1) for

the global model. As will be discussed below, B
acts as a switching function dependent on the
control approach used.

The performance index J is a function of not
only the computed harmonics of vibration (Z), but
also the piteh control inputs (8} and the incre-
mental change in control (A8). In the first term
W, is a disgonal weighting matrix used to reflect
the relative contribution of each vibration compo-
nent to system vibrationm levels. It is this term

that 1s indicative of overall effectiveness in
reducing vibration. The second term in Egq. (&) is
used to modify the controller algorithms te account
for uncertainties
according to the underlying assumptions of the
control approach being used. These uncertainties
are reflected in Pj the covariance matrix calcu-
lated by the Kalman filter identification algo-
rithm, which is discussed in the next sectiecn. The
‘effect of this stochastic control term is deter-
ained by B, and the arbitrary stochastic control
constant A, Finally, the last two terms,
diagonal weighting matrices Wy and Wy are used to
inhibit excessive control amplitudes and rates of

in

change 1in control, respectively. This "internal
limiting" is used not only to satisfy hardware
requirements, but also to enhance controller

performance.

B is
are

For the deterministic contrel approach,
set zero, since all system parameters
assumed to be explicitly known. This approach
ignores the fact that only estimates for the T-
matrix (and Z, Ffor the global model) are avail-
able from the parameter identifier.
mance of the deterministic controller is tuned by
appropriate selection of the elements of the
weighting matrices (W,, Wy, Wpg) discussed above.

Lo

The perfor-

In the cautious approach, which was suggested
and experimentally evaluated in Refs. 11 and 12, it
is recognized that some of the system parameters
are only estimates, and control inputs are imple-
mented more cautiously than for the deterministie
This is accomplished by setting £ equal
to one. The result for the local model is a posi-
tive stochastic control term having a
effect to that of the Wyp term. The rate-limiting

approach.

effect due to this term will depend om the uncer-.

tainty in the identified T-matrix, as reflected by

P;. As system identification becomes worse, this
controller becomes more cautious. As system
identification improves and P; goes to zero, the

performance index reduces to that for the deter-

in identified system parameters’

similar’

the
on

ministic controller. For the global model,
stochastic control term places a constraint
control magnitude similar to that of Wy. Again,
the limiting of O due to this term will depend on
the uncertainty in system identification. Note
that a stochastic control constant * has been added
in both cases to allow for empirical modification
of the amount of caution provided by the control-
ler.

The last control approach to be evaluated in
this study is an active adaptive formulation (Ref.
21), also known as a dual controller (Ref. 22).

. While the cautious controller accounts for param-

eter wuncertainties, it does not directly affect
identification. The dual controller, on the other
hand, attempts Lo improve long term system identi-
fication by actively probing the system while at
the same time providing good control. Since
optimal dual controllers are generally too complex
to be practical (Refs. 4 and 23), the dual con-
troller used in this study is a suboptimal approach
taken from Ref. 22, with B set to (~1/R+)W...). The
resulting stochastxc control term is -Y; (l g RY;
where Y is defined a2s above, and R is the covar—
iance oE the measurement uoise used in the Kalman
filter identification algorithm. The overall
effect of this term is a reduction in the weighting
piaced on the rate of change of coatrol for the
local wodel and on the control magnitude for the
global “model. Whereas the cautious controller
penalizes control when identification 1is poor by
increasing constraints, the dual controller
increases control by a reduction in constraints.
The vresult 1is system probing wused by the dual
controller to improve system identification. The
relaxed internal constraints on control are depen-—
dent on the of the in the
identified system parameters to the uncertainty in
the computed vibratioh response. As system identi-

ratlo uncertainty

fication improves aad P; goes to zero, the
stochastic dual contrel term vanishes and system
probing ceases. As discussed in Ref. 23, the zwo

tasks of trying to improve system identification
and of trying tc provide good control are, in
general, counter-productive. Good identification

may require large control inputs, while good con-
trol may require small control inputs. Thus, the
arbitrary stochastic contrel constant X is used to
tune the dual coutroller in order
acceptable tradecff, where short term contrel may
be compromised.

te achieve an

While form index

depends on

the 0f the performance
the control approach and the system
model used, the method for obtaining the migimum
variance control algorithm is the same for any
particular configuration. , Once the performance
index been established by substituting the
approptiate expression for Z; from Egqs. (2) or
(3}, the minimum variance control algorithm is then
obtained by taking the partial derivative of the

has



resulting expression for J with respect to 6y,
and setting it equal to zero. The result can be
solved for 48; where the superscript * denotes the
optimal HHC input reguived for winimum variance.
The closed form controller solution for all three
control appreaches can be written for the local
system model as
*

- - T
88." = -D [Wg 0, _, + TW, Z; ;] . (5)

and for the global model as

8487 = =D [{TTu,T + wg + BedePpy g Wpii08im1
’ (6)
v T, 2, + BoAep, g Mzi4)
]
where the expression D in both models can be

defined as

= (7L e -1
D= (T WZT + Wa + WAe + BeA PTT Z szj) (7)
]

Note that the update in control for the local tedel
is dependent on an estimate of the T-matrix and the
computed vibration response from the last update
Zi—l' For the local model, PTT is the covariance
of the T-matrix, which 1is simply covariance, Pj,
since only the T-matrix is identified. For the
global model, the contrel update is based on an
estimate of both the T-matrix and the uncontrolled
vibration response Z,. In Eq. (7), Ppp is again
the covariance of the T-matrix, which is now a sub-
matrix of P; since both T and Z, are identified.
Py, is the cross-covariance of T and Z, which is
alsoe a sub-matrix of P.

Kalman Filter System Identification — Accurate

identification of the T-matrix, as well as Z, for
the global model, is impertant for good vibration
reduction, since the minimum variance control
algorithms all depend explicitly or the estimates
of these parameters. The method used for estima-
ting and tracking system parameters is discussed in
detail in Ref. 18,

Identification of the T-matrix is obtained by
considering each row of matrix Eq. {2) otr (3) as
the state vector of a separate identification prob-
For the global model, the problem is modified
slightly by adding each component of Z, to the
corresponding state vector. The state vectors are
then treated as time-varying quantities which must
be tracked to account For changes in system param-—
eters due to system nonlinearities and changes in
Flight condition. At the beginning of each sample
period, the state vectors are updated by a correc~
tion term that is proportional to the difference
between the G400 computed and the estimated wibra-
tion levels. The proportionality constants or
Kalman gains are calculated according to the Kalman

lem.

filter algorithm and are dependent upon the ratio
between the uncertainty in the estimated T-matrix
and the vunctertainty in the computed vibration
response.

Regardiess of which system model is used, the
Kalman Ffilter ideatification algorithm requires
onty the ecurrent vibration response and error
covariances to identify the required system param-
eters. Therefore, the procedure can be carried out
recursively with information from oniy the present
and the previous sample periods. The importance of
this characteristic is cthat can
easily be carried out in real time for transient
maneuvers. However, this recursive characteristic
of the controller requires that the coatroller be
initialized at the time it is activated. In the
present study, the ipitial T-matrix determined from
open—loop perturbation at the baseline flight
condition is used for all flight cenditions,

implementation

Limitiong of Control Iaputs — There are geveral
reasons for limiting control inputs. In an actual
rotoreraft, limiting will be necessary to satisfy
hardware requirements of the actuators used to
implement HHC. The total amplitude of control must
also be conatrained to satisfy mechamical stress
and safety requirements. Beyond the practical
aspects of limiting control inputs, ratenlimiting
has been found to be very important to enhance

..conttoller stability and performance for mnonlinear

systems or for systems where

estimates are poor.

initial parameter

Figure 2 shows that the active controller
externally limits the optimum control inputs calcu-
lated by the minimum variance control algerithm
before implementing them in the rotorcraft simula-
tion. This 1is referred to as external limiting
gince it is done outside the wminimum variance
control algorithm and without regard to optimality.
With external limiting, satisfaction of absolute
control limirs can be ensured. This is in contrast
to internal limitiag which 1s accomplished by
weighting 8 and 48 in the performance index. By
appropriate tuning of these weighting matrices, Wy
and Wpg, it is possible to bake into account the
desire to satisfy constraints on control magnitude
and rvates of changes while calculating the optimum
However, internal limitimg can only
inhibit control. It can not ensure satisfaction of
absolute limits. Thus, in practice, provision for
external limiting would also be required. In this
study, a comparison is made between these two
methods of limiting comtrol and their effect om
controller performance.

solution.

Controller Implementation

Once the controller is activated, it calcu-
lates and wupdates the required higher harmonic



pitch control once every sample period. In this
study, a 1 rev update is used. At the,start of a
typical votor rev, a step change in HHC input is
implemented ‘and the resulting transient response is
allowed to decay for 3/4 rev before activating the
analyzer. This delay is necessary to
improve the accuracy of information provided to the
parameter identifier. While the 3/4 rev allowed
for transient decay is somewhat arbitrary, it has
proven to be a good tradeoff between the desire Ffor
accurate system identification and the desire to
update as pften as possible. The time history of
the vibration response is sampled for the last 1/4
read into the harmonic analyzer, which
calculates and supplies the cosine and sine compo-
nents of each vibration component to the parameter
identifier. Based on the vibration response and
identified parameters from the last rev, the con—
troller updates system identification, calculates
the required higher harmonic control, and commands
an updated HHC iaput which takes the form of a new
A8 step input implemented at the beginning of the
next rev. This procedure is repeated recursively
throughout the entire flight, including all meneu-
vers.

harmonic

rev and

Analytical Results

In the present study, the aeroelastic simula-
tion of the rotorcraft is based on a fully articu-
lated, four-bladed H-34 rotor (see Ref. 24 for
physipal description) mounted on the 'Rotor Test
Apparatus (RTA), which is used to represent the
fuselage in full scale rotor tests in the NASA~-Ames
40' x 80' wind tunnel. The normal vibration mode
data, nseded by the G400 aercelastic analysis to
represent the flexible RTA, was obtained from an
existing WNASTRAN mathematical model provided by
NASA. This model includes not only the RTA struc—
ture, but also the wind tunnel support struts and
balance frame.
to represent the RTA are provided in Ref. 18.
Vibration response information to be provided to
the active controller are calculated at six loca-
tions througheut the RTA. The location and orien-
tation of each vibration component are shown in a

simplified schematic of the RTA in Fig. 3. Since

1 NOSE LATERAL
2. NOSE VERTICAL
3 CROSS BEAM LONGITUDINAL

4. TAIL LATERAL

5. TAIL VERTICAL 5
6 CROSS BEAM VERTICAL 4

6

MAIN STRUCTURAL
CROSS-BEAM

NOSE

Fig. 3 Location and orientation of vibration com~
ponents in rotor test apparatus.

control inputs is implemented.

Descriptions of the six modes used:

these components include three orthogonal direc-
tions and, are widely spread out in fhe RTA, their
reduction should be indicative of overall wvibration

reduction in the RTA.

A steady level-flight condition was selected
for the initial tuning and evaluation of all six
primary controller configuratioms. This flight
condition had a forward velocity of 150 kt and a-
nominal value of 0,058 for CT/G. Bazsed on these
results, a vepresentative baseliné
configuration was selected for each of the three
control approaches. The characteristics of each of
these controllers are presented im Table 1.

controller

Table 1. Baseline controller coafigurations
Deterministic Cautious  Dual
System Model Global Global Global
External Control Limits
8 (deg) . nione none none
Aa::x {deg/vev) none nong 0.2
Stochastic Control Constant {A} 0.0 1.0 0.01
Weighting in Perf. Ingdex
Sensors, Wy {1/g's) 1.0 1.0 1.0
Control Magnitude, Wy (1frad)? 0.0 0.0  -0.0
Change in Control, Wy (1/rad)®  1000. 0.0 0.0

All three baseline controllers are based on
the pglobal- system model, although there is no

.significant advantage of one model over the other

at this flight condition. Other than the control
approach and the related stochastic control
stant X, the only difference between these three
controllers is the manner in which limiting of
The deterministic
controller slows the rate of change of control
inputs between updates by internally weighting 49
with equal values of Wyg for 3, 4 and 5/rev pitch
amplitudes. The value of Wyp in Table ! allows the
deterministic controller to maintain an acceptable
rate of change in control on the order of 0.2 deg/
rev. The cautious controller uses neither aexternal
nor internal 49 limiting, but inherently slows down
the implementation of new control inmputs via the
stochastic control term discussed previously. The
dual controller uses external limits of 0.2 deg/rev
on the rate of change of control to allew the
inherent perturbations in control inputs to ocecur
without excessively compromising shert
trol. These baseline controllier configurations are
evaluated in the following sections.

cen—

term con-

Baseline Flight Vibration Reduction

Figure &4 presents the G400 simulsation results
for each of the three baseline contreller configur-
ations operating closed-loop at the baseline 150 kt
Elight condition. The simulation includes three
revs of uncontrolled flight to allow initial numer-
ical transients to die out baefore activating each
controller at rev 4. Figure 4 shows G400 predicted



time histories of the vibration performance index
Jp-and the amplitude of the 3/rev HHC input com-
manded by each baseline countroller, While not
shown, 4 and 5/rev inputs commanded by each con-
troller have similar time histories to those shown
for 3/rev. Since the vibration performance index
is a weighted sum of the squares of all the vibra-
tion compenents being actively countrelled; it is a
good indicator of overall controller performance in
reducing vibration. Note that the wvibration per-
formance index (Jgz) plotted is not the same as
the performance index (Eq. {(4)) actually minimized
by the control algorithms, since none of the quad—
ratic terms involving 9 or A€ are included. While
these are important to overall controller
performance and stability, they are not indicative
of wvibration reduction achieved by the active
41l the performance index plots in
this paper are based on Jgz.

terms

controller.
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Fig. & Time history of vibration index and 3/rev

control at baseline flighe
(V=150 kt, CT/0=0.058).

condition

Figure 4 shows that all three controllers do
an excellent job of reachirng a new steady vibration
level that is greatly reduced from the uncontrolled
vibration level at rev 4. After the controller is
activated, the vibration performance index J,
immediately starts to decrease for all three
controllers. After only two revs and 0.55 seconds
elapsed rime of active control, both the determin-
istic and cautious controllers achieve and maintain
at least a 90 percent reduction ia the performance
index. The dual controller requires about 5 revs
or 1.4 seconds of active control to achieve the
By rev 10, all three
controllers have essentially converged to a value
of the performance index that is only 3 percent of
the uncontrolled value.

same overall vibration level.

Figure 4 alsc shows the time history of 3/rev
RHC amplitude as cowmanded by the three control-
lers. The deterministic and cautious controllers
smoothly increase the amplitude of =all three con-
trol inputs, while continually reducing the vibra-
tion level, After rev 15, the vibration at the six
RTA sensor locations remains fairly steady, At
this point, the 3/rev cyeclic pitch amplitude is
still rising slowly. While not shown, the 4/rev
input is decreasing at a comparable rate and 5/rev
remaing fairly steady. Thus, after 15 revs, both
the deterministic and cautious controllers are
trying tec further reduce vibration but, in effect,
achieve a fairly steady vibration level by trading
off an increase in 3/rev with a decrease in 4/rev
cyclic pitch. While this stight tendency to drift
may be eliminated by implementing and tuning Wy
in the performance index, all the
solutions preseated in this
without any Wp weighting.

time history
paper were obtained

In ceontrast to the deterministic and cautious
controllers, the dual contrpller exhibits a ten-
dency to probe the system by" perturbating the
higher harmonie c¢yclic imputs. This tendenocy 1is
clearly evident in the cyclic pitch amplitude shown
in Fig. 4. As expected, this probing initially
results in a slight degradation 1in short term
conftrol as can be seen in the performance index.
After identification improves, system probing dim-

inishes and the Ffinal controller solution is as
good as that of the deterministic and cautious
controllers. The dual controller's tendency to

probe the system has been somewhat inhibited by an
application of external rate limits of 0.2 deg/rev,
as shown in Table 1. Without these limits, the
perturbation in control inputs used to probe the
¢ystem are much larger and result in much worse
short term control. A completely unlimited dual
controlier commanded initial inputs on the order of
1.0 degree and allowed the vibration performance
index to increasge to sixty times the uncontrolled
value before converging to a final solutiom.

The change in the vibration level at all six
locations in the RTA is shown in Fig. 5 for all
three controllers. In this figure, the uncontrol-
led 4/rev vibration levels at rev 4 are compared to
those at rev 30 with active control. All three
controllers have substantially reduced vibration at
all locations except the two that had very low
initial levels of vibration. The low levels of
vibration at these two locations have been main-
tained. Reductions in vibratien for the four
primary components are between 75 and 95 percent.

Also shown in Fig. 5 are the fixed system hub
vibrations. WNote that angular vibrations have beea
multiplied by 1 £t to be plotted in g's in this
figure. The two largest contributors (vertical and
longitudinal} have been reduced by all three con-



troellers. A substantial 75 percent decrease in the
longitudinal component has been achieved, while a
more modest 20 percent reduction has been achieved
in the wvertical component. The other four compo-

.aents, which were smaller initially, remain at
about the same levels. This indicates that the
reductions in wvibration in the RTA have been

achieved by a combination of reduced forcing at the
rotor hub and vectorial cancellations of hub compo-
nent contributions to RTA vibratioms. '
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Fig. 5 Effect of active control om 4/rev vibration
at baseline flight conditien (V=150 kt,
Cp/0=0.058).

Effect of Forward Velocity

The effect of forward velocity on contreller
performance is shown in Fig. 6, which compares the
time histories of the vibratiom performance index
and 3/rev cyclic pitch amplitude for the baseline
cautious controller at three different velocities:
112, 130, and 150 ket. All three flight conditions
have the same nominal value of 0.058 for Cp/d. The
cautious contreller exhibits the same excellent
performance characteristics at all three veloc-
ities. Convergence to am acceptable control solu-
tion occurs quickly and smoothly within about 5
revs at all three flight conditions. These results
have been obtained with no retuning of the control-
ler and with the same initial T-matrix developed at
the baseline (150 kt) condition. The controller is
very effective at reducing overall vibration at altl
three velocities with at least a 97 percent reduc—
tion in the vibration performance index compared to
uncontrolled wvalues. The reductions achieved at
each of the RTA locations are shown in Fig. 7 for
the twe lower wvelocities, These results can be

compared to those already shown for the 150 kt
condition and the cautious controller in Fig. 5.
At least a 75 to 95 percent reduction has been
achieved at all sensor locations except those
having low initial levels of vibratioa with zero
HAC (nose and tail lateral).
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The HHC pitch amplitudes required to achieve
these substantial reductions increase with forward
velocity. The required 3, 4, and 5/rev pitch
amplitudes commanded by the baseline active con-
trollers all rend to be of the same order of magni-
tude when egually weighted 1in the performance
index. The required amplitudes are on the order of



0.1, 0.15, and 0.25 degree at the 112, 130, and 150
kt flight conditioms, respactively.

Effect of Rotor Thrust

The effectiveness of the active coutreller has
alsg been investigated at two more severe flight
conditions having the same 150 kt velocity as the
baseline (CT/U = 0.058) case, but nominal values of
0.08 and 0.085 for Cp/o. The highest thrust level
(CT,/(I = (0.085) is especially severe with & signifi-
cant increase im vibratovry response over both the
baseline and intermediate thrust conditions, as
shown in Fig. 8. The severity of this condition is
due to its being well iate stall. As shown in a
separate open—loop study in Ref. 18, this flight
conditicn is also more nonlinear, has more aero-
dynamic interharmonic coupling effects, and has a
significantly different T-matrix than the baseline
flight condition. Despite this, the baseline com-
troller configurations have been applied without
any retuning of the controllers and with the same
initial T-matrix‘ developed at the baseline flight
condition.

Figure 8 indicates the effectiveness of the
baseline controllers in minimizing wvibration for
all three thrust levels. While the results shown
for the deterministic controller, comparable
results were also observed for both the cautious
and dual countrollers. This figure compares the
uncontreolled values of the vibration performance
index and &/rev

are

acceleration at a representatiwe
RTA location to the Final values at rev 30 with
active countrol. Percentage reductions in the
performance index increase with rotor thrust, with
at least a 97 perceant reduction achieved throughout
the range of thrusts considered. Figure 8 also
shows at least a 75 percent reduction in vibration
at the cross—beam vertical location.
sive reductions are achieved at all other locations

More exten-—
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Fig. 8 Effect of rotor thrust on deterministic con-
troller performance (V=150 kt).
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except the two lateral accelerations, where low
initial vibraticn levels are maintained. The
vegquired -amplitudes of 3, 4, and 5/rev control

inerease with thrust, but are less than 1.0 degree
for all thrust levels.

The controllers exhibit virtually the same
transient behavior for the intermediate thrust
level (Cy/o = 0.08) as at the baseline Fflight
condition. Due to the inaccurate T-matrix and the
stall effects mentioned sbove, the behavior of all
three controllers is somewhat irregular for Cu/o
equal to 0.085. This is exhibited in the time
histories of the vibration performance index and
the amplitude of the 3/rev pitch shown in Fig. 9.
Despite these effects, all three controllers imme-
diately achieve and maintain significant reductions
in vibration. As showm im Fig. 9, only 5 revs (l.4
seconds) gre required to achieve and maintain at
least a 80 percent reduction in the performance
index.
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Fig. 9 Time history of vibration index and 3/rev
control at high thrust conditiom (V=150 kt,
Cpfo=0.085).

Controller Performance During High Speed Maneuvers

Each of the three baseline controllers has
been evaluated during several short duration maneu-
vers while using the same T-matrix and
tuning developed at the steady baseline condition.
Each of the maneuvers represents an increase in
rotor thrust from the initial steady baseline con-
dition, Cpfo = 0.058, via step and ramp changes
in collective pitch during an otherwise steady

initial



flight condition at [50 kt. After all the transi-
ents. from the sudden change in collective pitch
subside, the resulting steady flight condition is
one of the high thrust conditicus just discussed
(Cyfo = 0.08 or 0.085). For each of these maneu-
vers, the active wvibration controllers not only
remain stable, but converge to an excellent control
having about the same subatantially
reduced RTA vibraticn levels as those presented
previously for the steady flight conditionms.

solution

2.18 Degree Step Increase in Collective Pitch -
Figure 10 shows the time histories of 3/rev cyclic
pitch and the vibration performance index of all
three baseline controllers in response to a 2.18
degree step increase in collective pitch, The
simulated maneuver is identical to that shown in
Fig. 4 for the first 18 revs. The 2.18 degree step
increase in collective pitch occurs at rev 19. The
resulting flight condition, after all transients
die out, is the same as the highest thrust flight
candition (Cp/a = 0.085) presented in the last
section. At the beginning of rev 20, the control~-
ler makes its first update in response to the tran-
sient After vrev 20, the controller
actively reduces vibration just as it did for the
steady flight counditions, and no further maneuvers
are encountered.

maneuver.
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Fig. I0 Controller performance
maneuver for 2.18 degree
increase (V=150 k).

during transient
collective satep

The solid line shown ian Fig. 10 represents a
simulation of open-loop control for the maneuver
just described. The HHC inputs implemented for the
baseline flight condition remain fixed during and
after the maneuver., Thus, any changes occurring in
the performance index after rev 19 for the open-
loop simulation are due to increased vibration
response and transient effects caused by the change
in collective pitech.

Despite the large increases in vibration that
occur at rev 19 for the 2.18 degree step increase
in collective pitch, all three baseline controllers
not only stable, but immediately start
reducing vibration as soon as the 1 rev of dead
time used for transient decay, signal sampling, and
harmonic analysis is over. The deterministic aand
cautious controllerg schieve and maintaian at least
an B0 percent reduction in the vibration index
relative to peak values in just 2 revs. Again, the
behavior of the deterministic and cautilous control-
lers is very similar. The dual coantroller cannot
maintain this level of reduction until! rev 29, due
to system probing.

remain

All three controllers minimize the transient
effects of this maneuver to the point allowed by
the 1 rev update, and the peak value of the perfor-
mance index has been kept well below the uncentrol-
led value of 2.33 for the final flight condition.
It may be possible to veduce the peak rasponse
further by shortening the time between updates,
since the ' controllers could then start to reduce
However, the tradeoff is the
effects on the harmonically

vibration
increased
analyzed vibration signals.

sooner.
transient

2.18 Degree Ramp Increase in Collective Pitch-
Figure 11 shows the response of two cautiocus con-
trollers to a transient maneuver that has the same
initial” and final flight conditioas as the 2.18
degree step change in collective pitch just dis-
cussed. However, this maneuver involves a ramp
increase at a rate of 0.44 deg/rev for 5 revs,
beginning at rev 19. The cautious controllers
shown are the same except for the tuning of A. The
controller with a value of 1.0 for A is the base-
line.
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Fig. 11 Cautious coutroller performance during tran—
sient maneuver for 2.18 degree collective
ramp increase (V=150 kt),



Both
torily in
revs of the maneuver.

cautious controllers perform satisfac-—
reducing vibration for the first four
During this time, the con-
trollers maintein significantly lower 1levels of
vibration than the open-loop values. However, when
the last 0.44 degree change in collective piteh is
implemented between revs 23 and 24, the result is a
significant increase in the c¢alculated baseline
controller (}=1.0) performance index at rev 24, as
indicated in Fig. 11. From there on, performance
of the baseline controller is not good for about 5
revs. Although it converges to an excellent con-
trol sclution, a peak value of the performance
index is incurred that is larger than those for the
open—loop controller and those experienced for the
2.18 degree step increase in collective pitch.
While the baseline transient performance shown in
Fig. 1l is undesirable, it should be noted that
peak wvibration levels are below those that would
occur 1f no HHC were implemented.

While it is possible that a different Kalman

Rotor Blade Stresses

filter tunming will be required to better track the

type of changes in that are
encountered in the, stall regime, that approach was
not explored in this investigation. Retunimg of
the minimum variance control algorithm for improved
controller performance has been explored briefly.
Figure L} demonstrates that controller per formance
can be improved significantly during this maneuver
by only slightly retuning the minimum wvariance
control algorithm. A smaller value of X allows the
controller to make somewhat larger changes in con~
trol early in the maneuver when system identifica-
tion is still good. In so doimng, slightly larger
reductions in vibration are achieved in the fimst &
the ramp increase 1in collective pitch.
Furthermore, the larger changes in control give the
potential to better ideantify changes ‘in asystem
parameters in the early part of the maneuver.
While rthis contreller (A=0.1) experiences some
undesireble transient effects, it converges
quickly, while substantially reducing peak
final levels of vibration. The same type of reduc-
tion in limiting on control inputs alao provides
substantially improved performance in the determin-
istic and dual controllers, sgain at the expense of
large control inputs.

system parameters

revs of

and

The baseline controllers were also subjected
te similar but smaller step and ramp changes in
coliective pitch resulting in the intermediate
thrust condition {(Cp/o = 0.08) discussed above,
Transient vibrations were reduced significantly
without any retuning of the baseline controllers.
For example, this 40 percent increase in thrust was
input with a ramp increase in collective pitch at a
rate of 0.2 deg/rev for 5 revs. For this maneuver,
the controllers reduced peak values of the perfor-
mance index by over 80 percent of the open-loop
values. These maneuvers may be a fairer test of
the baseline controllers due to such severe stall
effects predicted at the highest thrust condition.

11

Figure 12 sghows the 1/2 peak-to-peak blade
bending stresses and torsional moment along the
blade span for the baseline flight condition with
no HHC and for the deterministic controller at rev
30 with optimum HEC, There is a significant
increase in all the vibratory moments and stresses,
but especially in the torsional moment, which has
more than doubled near the blade root. The inboard
flatwise and edgewise bending stresses increase by
about 13 and 50 percent, respectively. The effect
of the and dual! controllers is almost
identical to that shown for the deterministic con-—
troller.
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Fig. 12 Effect of active vibration centrol on rotor
blade vibratory moments and stresses at
baseline flight condition (V=150 kt,
Cqp/0=0.058).

The effect of higher harmonic control on rotor
blade stresses varies with flight condition. The
relative increase in blade streas and moments
caused by HHC increases with flight speed Ffor the
112 to 150 kt range considered. This is most like~
ly due to the larger amplitudes of comtrol required
for vibration reduction as velocity increases. For
the high thrust conditions (Cp/o = 0.08 and 0.085),
the effect of HHC on blade stresses and moments is
inconclusive, The effect of HHC on rotor blade
stresses at the highest thrust condition (Cp/fo =
0.085) is shown in Fig. 13 for two different .con-
trel solutioms. The firat solution shown was
‘ohtained by the same baseline deterministic con-
troller used for the high thrust results shown in
Figs., 8 and 9. The second solution was achieved by
arbitrarily eliminating 5/rev control with large
internal weighting. The relative increases in
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Fig. 13 Effect of active vibration control on rotor

blade vibratory moments and stresses at

high thrust flight condition (V=150 kt,
C.p/0=0.085),

stress for both control solutions are net nearly as
preat at’ this flight condition as they were for the
baseline condition. This is especially true’ for
the solution having no 5/rev control, which
resulted in almost no increase in the - flatwise
bending stress and the torsion moment and only
about a 20 percent increase in edgewise bending
stress. These results suggest that the penalty of
increased dynamic blade loads associated with HHC

may be reduced .by tailoring of HHAC inputs. It may
also be possible to alleviate these increases in
stress, without compromising vibration reductiom,

by including appropriately weighted terms represen—
tative of blade stresses in the performance index
J. While such an approach was not pursued in the
present study, certain results did indicate that
this approach might be feasible. For example,
muttiple control sclutions vresulting in similar
vibration reductions, but having different effects
on roter blade stresses, have been obtained. One
such solution is the solution just discussed, where
5/vev inputs were eliminated.

Rotor Performance

At the baseline flight condition, the applica-
tion of HHC causes an incredse in required torque
on the order of sbout 5 percent for all control-
lers. For this particular flight condition,
direct power penalty is being pa{d for the imple-—
mentation of HHC to reduce vibration (exclusive of

a
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any increase in power

control system).

necessary to operate rthe
It may be possible to guide the
coatroller to a better control solution in terms of
rotor performance by including an appropriately
weighted term that is indicative of rotor torque in
the performance index.

Local vs Blobal System Model

All the results presented above are for the
global system model. The results and accompanying
discussion for steady flight conditions are gener-
ally applicable to the local system model as well.
It is not until contreller performance is evaluated
during the short duration maneuvers considered in
this study that any significant difference in con-
troller behavior due to system model is noticed,
For exsmple, without retuning of the controllers,
the local model is much more oscillatory and takes
longer to converge than the global modet for the
2.18 step change in collective pitch. While it is
anticipated that these local controllers can be
retuned to achieve basically the same performance
as the global baseline controllers, this may
indicate that the local model is more sensitive to
tuning at different flight conditicns or perhaps
more sensitive to inaccurate vibration response
information due to large transient effects,

Effect of Controller Tunimg

The tuning of internal controller parameters
can have a significant impact onm all the important
characteristics of controller performance., In this
study, the effects of Wyp and Wy on the determin-
istic controller and of A for the cautious and duatl
controllers were studied in some detail. Since
only a brief summary can be presented here, Ref. 18
should be consulted for more details.

Internal Rate-Limiting - The use of intermal
vate limiting dramatically improves the stability
and performance of the deterministic controller.
This is quite apparent in Fig. 14, which compares
the overall performance of the baseline determinis-
tic controller {with internal rate-limiting) te
that of an externally rate-limited deterministic
controller at the baseline flight condition. The
externally limited controller has the same config-
uration as the baseline controller, except thalt Wus
is set to zero, A8 .. is set to 0.2 deg/rev, and
the local system model is used. The results showm
here are the best that could be obtained for an
externally limited controller at this flight condi-
tiom. The baseline significantly
improves controller performance according to all
ecriteria: much greater vibration reduction in the
first step of active control; faster convergence;

controller

significantly greater reduction in wvibration at
convergence; and smaller final control inputs.
While external limiring results in comparatively

worse controller performance, it should be noted



that it reduces the performance index by about 85
percent. The primary reason for the dramatically
imﬁroved performance achieved by the internally
rate-limited controller is that the minimum vari-
ance control algorithm takes directly into account
the desire to implement relatively small changes in

contrel, when calculating & new solutiom. In
contrast, the arbitravy external limiting of con-
trol, without regard to optimality, can cause a

H, "

very different "mix" (both amplitude and phase) of
3, &, and 5/rev control to be commanded than that
calculated for minimum variance.
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Fig. l4 Comparison of deterministic controller per-
formance with external and internal rvate-
limiting at baseline f£light
(V=150 kt, C.p/am0.058).

condition

The results shown Ffor the baseline controller
are for optimal tuning of W,g. Other tuning values
can have a significant impact on controller perfor-
mance. ., For small values of Wpy and without other
limiting, the deterministic controller performance
is quite oscitlatory. However, even minimal
internal rate-limiting allows the controller to
converge at the baseline flight coundition, although
the result is a control solution with very large
control amplitudes (3.5 degrees). In Ref. 18, it
is shown that large centrol inputs such ag these
have a much more severe impact on vibratory blade
stresses and votor performance than equally effec—
tive small amplitude solutioms, even though virtu=
ally the same levels of vibration are achieved 1in
the RTA. At the other extreme, very high values of
Wpg cause very slow, smooth reductions in vibra-
tion, which may prove too slow for maneuvers.
Between these two extremes, moderate values for
Wpp, such as those used for Fig. 14, result in very
effective control at the many different flight
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conditions considered in this study.
a significant

While Wyp has
impact on rate of convergence, it
does not impact overall effectiveness inm reducing
vibration, since it does not inhibit the magnitude
of control imputs that can be commanded. The
effects of Wyg on cautious and dual controllers are
comparable to those for the deterministic control-

ler. - However, it should be noted that internal
rate-limiting tends to eliminate the inherent
system probing used by the dual controller to

enhance system identification. For the cautious
controller, internal rate-limiting due to Wsg com-
plements the built~in caution.

Internal Limiting of Control Magnitude -
Internal limiting eof the magnitude of control
inputs can also dramatically affect the performance
of the deterministic controller. This limiting is
achieved by weighting € in the performance index
with Wp to reduce control amﬁlitudes as much as
poassible without paying an excess penalty in the
form of larger vibrations. For smzll to moderate
values of Wg, the controller is still able to
achieve about the same overall vibration reduction
with smaller, but properly phased control inputs.
However, the value of Wg can be made toc large,
such that the controller cannot command sufficient

amplitudes to veduce vibration effectively. The
value of Wg has very little effect on rate of
convergence, if large encugh to prevent undue

oscillatéry behavior. The deterministic controller
‘tends to be slightly sensitive to the tuning of Wy

The effects of Wg weighting can be used to
tailor HHC inputs by unequal weighting of 3, 4, and
5/rev control inputs. This was explored im Ref. 18
by using internal weighting to inhibit or eliminate
various control inputs. In Ref. 18, it is shown
that many significantly different control solutions
can result in very effective vibration reduction in
the RTA for the same flight condition. For example
in Fig. 13, the effect of two very different HHC
solutions on vibratory blade stresses is shown at
the high thrust comdition. Each of these solutions
achieves about the same vibration reduction in the
RTA, but affects blade stresses to a different
degree, These results indicate that it may be
possible to guide the controller to more satisfac-
tory solutions in terms of other criteria (e.g.,
blade sgtresses or rotor performance}, without
severely compromising wvibratiom reduction, by
placing appropriate terms in the performance index
or using unequal Wg weighting.

Effect of Stochastic Control Constant -~ The
stochastic control constant A has a significant
effect on the cautious controller performance in
much the same way that Wpg and Wy gffect the deter-—
ministie controller, since the stochastic caution
term increases the effective weighting on A8 or 8.
For small values of X, controller performance is
oscillatory, but stability is maintained, and




solutions reached with
in vibration. Large values
of X cause very slow, smooth reductions in vibra-
tion, which may be too slow for maneuvers. Between
these two extremes, a wide range of values for X
results in very effective controllers at the base-
line 150 kt flight The stochastic
control constant X also has a large effect on the
dual controller. This constant must be tuned to
reach an acceptable compromise between good short
term control and system probing. At the baseline
flight condition, the dual controller is extremely
sensitive to the value of X.

effective control are

substantial reductions

condition.

Conclusions

A computerized generi¢ active controller has
been developed for alleviating helicopter vibration
by closed-loop implementation of higher harmonic
control (HHC}. This controller gives the capa-
bility to readily define many different configura-
tions by selecting from three different control
approaches (deterministic, cautious, and dual)}, two
system models (local and global), and various
methods of limiting comtrol (e.g., external and/or
internal limiting on higher harmonic pitch ampli-
tude and rate). A representative baseline config-
uration has been defined for each of the three
control approaches and tuned for best effectiveness
at high speed level-flight condition. After
proper tuning, each baseline controller has proven
very effective in reducing helicopter vibration.
The following are the conclusions from this analy-
tical evaluation study.

a

1) Reductions in vibration on the order of 75

to 95 percent are achieved at all significent fuse-
lage locations for all steady flight and short
duration maneuver conditions considered. These
reductions are achieved. for a range of both forward
velocity and rotor thrust with amplitudes of 3, 4,
and 5/rev control on the order of 1.0 degree or
less.
2} For short duration maneuvers, the con-
trollers remain stable, maintain peak wvibration
response well below uncontrolled levels, and reduce
vibration to the same levels steady
flight conditions. Retuning of the controllers is
required to achieve satisfactory performance during
S0me maneuvers. The results for the maneuvers
investigated indicate the need for further evalua-
tion during extended continuous maneuvers,

achieved at

3} No distinct advantage in terms of control-
ler performance has been identified for the deter-
ministic and cautious control approaches at the
flight conditions investigated. The dual control-
ter, while equally effective in reducing vibration,
tends to have slightly worse short term control and
somewhat more oscillatory behavior due te system
probing.

4} The baseline deterministic and cautious
controllers are relatively insensitive to less than

~optimum tuning of internal parameters, which can be

14

used to affect convergence characteristics, effec-

tiveness in reducing vibration, and the magnitude

of final control inputs. The dual ceatroller is
more sensitive to the tuning of internal param-
eters,

5) The global and local system models result

in similar controliler performance at steady flight
conditions, but controllers based on the local
model are generally less effective without retuning
during short duraticn maneuvers.

6) 1Increases in rotor blade stresses and a
degradation in rotor performance have been noted at
most flight conditions iunvestigated. The presence
and characteristics of multiple low vibratiom HHC
solutions suggest that alleviation of these adverse
effects may be accomplished by limiting HHC to
lower harmonics or by including appropriate param—
eters in the performance index to account for them.
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