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THE MEASUREMENT AND OONEROL OF HELICOPTER BLADE MODAL RESPONSE USING BLADE-MOUNTED ACCELEROMETERS

Worman D. BHam
Massachusetts Institute of Technology. U.S.A.

The measurement of helicopter blade flapping, bending, and lag modal
acceleration and displacement regponse using blade—mounted accelerometers
is described. It is shown that knowledge of the blade mode shapes is
sufficient to permit separation of the modal contributions to the
accelerometer mignals using mmtrix inversion. The application of the
WeKillip f£filter to the identification of modal rate response is described.
Finally, the design of flapping, bending, and lag mode controllers
utilizing the conventional ewash plate is presented.

Tre measurement techmique 18 illustrated using flight test results
cbtained using a Black Hawk heliccpter.

1. INTRODOCTION

The concept of Individual-Blade-Control {IBC} embodies the control of
“roadband electrohydranlic actuators attached to each blade, using signals
rom pensors mounted on the blades to supply appropriate control cowmvands
to the actuators, Hote that IBC involves not only control of each blade
independently, but alsoc a feedbvack loop for each blade in the rotating
frame. In this manner it becomes possible to reduce the severe effects of
atmospheric turbulence, retreating blade stall, blade—wortex interaction,
blade—fupelage interference, and blade and rotor instabilities. while
providing fmproved performance and flying qualities [1-10].

It ig evident that the IBC mystem will be rost effective if it is
comprised of several mib-gystems, each controlling a specific mode, e.g..
the blade flapping mode, the first blade flatwise bending mode, and the
first blade lag mode [2). Each sub-syatem operates in its appropriate
frequency band.

Consider the modal equation of motion

Bk + ck + kx = PE) + AF [$4]

where the modal cantrel force AF is

AF = - Kpmk ~ Fpok — Kgkx {2}

“en mbstituting (2) into (1)
(14Kp)md + (14Kplex + (14pikx = Fit)
Por the case Ky mKp =Ko=K

mi + ok + kx = [1/(14K)] FLL}

and the modal response is attenuated by the factor 1/(14K) while the modal
damping and hatural frequency are unchanged.

For modal damping augmentation, only the rate feedback 4F = ~Rpok I8
required.

The configuration considered in [1-7] employs an individual actuvater
and maitiple feedback loops to control each blade. Thege actmators and
Eeedback lowops rotate with the blades and, therefore, a tonventional gwash
plate is not required. However, scme applications of individual-blade-
control can be achieved by placing the actuators in the non-rotating system
and controlling the blades through a conventional fwesh plate as deseribed
in section ¢ and in I[B].
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The following sections describe the design of & sZystem controlling
blade flapping. bending, and lag dynamics, and related testing of the
system on a medel rotor in the wind tunnel. The control inputs considered
are blade pitch changes proportiopal to blade flapping and bending
acceleration, velccity, and dieplacement, and lag velocity. It is then
thown that helicopter gust alleviation/attitude stabilization. wvibration
alleviation, and 1P lag Gamping awgmentation can be achieved using the
conventional helicopter Bwash plate for an N-bladed potor where W»3. For
13, all applications can be achieved.

AlB0 presented are preliminary flight test results from a Black Hawk
helicopter having two flatwise-oriented accelercmeters momted on one

biade, Tnese open-locp results are to be used in the design of an active
control mystem for rotor guat alleviation and attitude stabilization.

2. DETERMOWIICH OF BIADE MODAL RESEORSE

From Figures 1 and [51, the blade flatwise acceleration at station r
due to response of the first two flatwise modes is

atr) = (r-e) Ble) + rofpee) + nlodB) « rPn {(oigle

Then, for accelerameters mounted at ry. ry, rz. and ry

2y (ry—e) :;ﬂz atry) rlﬂzn'(:ﬂ
L
2y (1:2'1! rzﬂz n(:si :253." (1:3)
LY {ry-e :suz nlry) rznzn'!rx)
a r~) 1,0 wizy) g8 ()
4 4 & ML i

In mtrix notation, A =¥ * R
Then the flatwise modal responses are given by

R = N1-p

Wote that the elements of M) are dependent only upon blade spanwise
staticn, rotor rotation zpeed. and bending mode shape. i.e.. they are
independent of flight condition.

Similarly, the blade lag acceleration at station r due to respanse
[ of the £ivet ing mode can be shown o be 16}

a;, = fr—e;,)fw,,n'r

where e is the ppanwise location of the lag hinge.
accelerometers mounted at £y and ry

L

1

Then for

;
Ir

(ri—eLJ ean
(rz-eL) ahnz

2L

2

In matrix notation A, * M R
The 1ag moda] responses are given by
B, o= gy

Since the elements of W' and M} are independent of flight
conditian, the polution for a desired modal Tegptnee involves only the
summticn of the products of spanwise accelerometer signale and their
corresponding constant mtrix e} by an analeg or digital device, here
called a Bokver.




3. IDENTTPICATION OF MODAY, RATE RESPOISE

Consider the block diagram shown in Figure 2. For modal acceleration
X and modal displacement x determined ap above for any mode, this
diagram represents the fellowing Ffilter equaticns from {7,9):

A
48 - zerx-H t8)

A
-a%i - 5i+x2ix—9) 4

vhere the hatted guantities are estirmted values, and K, and K, are

constants. Writing the esthmtion error as
e = x - §
and differentiating equaticn (3) with respect to time, there results
& a d
&Tk = & 2+ Kzé (€3]

Substituting equation (4} into equation (5},
&

L ¢
dat

-5E+K1e+l{1é (6}

2
Since %Q-x =-§, equation (6) becomes
dat
e+K1é + Rye = 0 [¥)]

This expression represents the dymamics of the estimtion error.
corresponding characteristic eguaticn is

The

B rEErR ~ 0

The bandwidth and damping of the estimation process are determined by the
choice of the constants X; and EK,.

Since the elements of the £ilter thown in Figure 2 are independent of
flight conditien. the estimation of modal rate response involves only the
integration of the products of constants and the measured modal responses
by an analeg or digital device, here called a McRillip Filter. Note that
an improved estimete of the modal displacement x is alpo cbtained due to
the dowble integration of modal acceleration X embodied in the filker.
Also, note that no knowledge of the rotor or its flight condition is
required in designing the filter.

4. FORM COF THE MODAL CONTROLLER

Ag dipeuseed in the Introduction, the modal controller voltage output

to the blade pitch actuator ie prepertional to medal acceleration, rate,
and displacement:

V = -Kp¥ - Kpt ~ Kpx

vhere K., Kp, and Kp are constants and therefore independent of flight
condition.

For modal damping awgmentation only.

v o FHpk

5. FODAL CONTROL BY TNDIVITWIAT~ BLADE- CONTRDI, (¥BC)

The solver. MoRillip filter, and controller described in Smtions 2-4
are conbined to form the IBC gystem for a given mode. The conbined
functicns of the solver and the McKillip filter are here called the
“chserver™. Some applications are described below, including experimental
results cbtained at MIT from a four-foot—diamerer wind turmel wodel rotor,
using IBC.
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Reference [3) describes the applicatien of IBC to helicopter gust
alleviation. The feedack blade pitch control was proportienal te hiade
flapping acceleration and displacement. i.e.,

oK Eep
o

A block diagrem of the control system is shown in Figure 3. Note that each
blade remuires onty two flatwise—oriented blade-mounted accelerometers.

Figure 4 chows the effect of increasing the cpen-loop gain K upon the
IBC gust alieviation sSystem performance. ltote that the experimental
reduction in gust-induced flapping response is in accordance with the
theoretical closed-loop gain 1/(1+}.

The Lock mumber of the mode) blade wap 3.0, For 2 Full size rotor,
the increase in damping due to the increase in Lock nmber results in the
flapping at excitation frequency becoming the dominant response. Also,
with increased blade damping it becomes possible to use higher Ffeedback
gain for the same stability Jevel. and as a consequence the IBC system
performnce improves with increasing Lock number.

Following the successful alleviation of gust disturbences using the
IEC pystem, Reference [3} phowed the theoretical equivalence of blade
flapping response Sue to atmospheric turbulence and that cue te other low—
frequency disturbances, e.g., helicopter pitch and rell attituder therefore
theme dinturbances can aleo be alleviated by the IBC system, as shown in
(8], to provide helicopter attitude stabflizatien.

References [5,8) describe the application of 1BC to yotor wvibratiof
alleviation. The feedvack blade pltch contro) was proportiomal to hlade
bending acceleration, rate and displacement, i.e..

8 = -KF-Kg - Kg

A block diagram of the system is ghown in Figure 5. Note that each blade
requires four flatwise—oriented blade-wounted acceleraseters.

Preliminary experimental results presented in Figure § show the effect
of increasing the IBC open—loop gain K from 0 to 3 wupon the flatwise
bending mode response., Note that the experimental reductien in vibratory
bending response s in accordance with the theoretical closed-loop gain
/(1 +X),

Since a mjor source of helicopter higher barmonic vertical vibration
is the blade flatwise bending response to the impulsive loading due to
blade-vortex or blade-fuselage interaction, £f the blade flatwise bending
regponse is controlled, the higher harmonic wertical wvibration will be
correspondingly reduced, as shown in Figure 7, from [11].

It should be noted that muppression of blade flapping and flatwise
bendirg responses and their corresponding in-plane Coriclls forces wil
tend to alleviate in~plane vibration as a benefivial by-product of vertical
ibration alleviation.

Reference 16] describes the application of IBC to rotor lag damping
avgmentation. The feedback voltage to the blade pitch control actuntor was
proportional to blade lag rate, 1.e..

WH+V = -gRt'

where the time delay 8 required for closed-loop stability. A bhlock
diagram of the system is hown in Figure &, Note that each blade requires
two lagwise-oriented blade-mounted accelerometers.

Pigure # ehows the effect of increasing the IBC open-loop gain on
experimental blade lag damping. The figure shows a yotation of the slope
of the phase angle versus frequency curve at lag resonance. in the
direction of increased lag damping, as Ky is increased. The increase in
lag damping ratio due to the control systen was determined to be 0.37.



6. MOLATL, CONTROL DSTNG B CONVENTTONRL SWASH PLATE

The preceding sections have demonstrated that the use of blade-mounted
accelerometers as senBorsS makes poasible the control of the flapping,
flatwise bending, and lag modes of esch blade individually. This control
technique is applicable to nelicopter rotor gust alleviation, attitude
stabilization, vibration alleviation, and lag damping augmentation.

For rotors having three blades, any arbitrary pitch time history can
ba applied to each blade individually using the conventjonal swesh plate.
Rotors with more than three blades require individual actuators for each
blade for mome applicaticns: other applications such as gust alleviation,
attitude stabilization, vibraktion alleviation, and 1P lag damping
augmentation can be achieved using a conventional swash plate, as shown
below and in [E].

If the control requirement for the mth blade of an M-bladed rotor is
6y, determined using blade-mounted accelerometers as described in Section
2, then the corresponding control reguirement for the swash plate is

e-Bu-*elgoqualzinpﬂal

Using the mthemtics of [12), P, 351, the control laws are

8

N
=% I 6, =0untessn=p
el
2% b unl +
a, == 8 cooy = eps n =pH 1
"‘C'Nm-‘.lm m

8

N
2 - =pN
L e sineg =0unless nmpi 21
8 =1

6; =0 unless n = pN % 1/ [121, P. 348

vhere p = any integer
n = rotor harronie mmber

The physical significance of the above equations i that IBC of an N~
bladed rotor having a conventional swash plate is possible for those IBC
functions involving the zeroth (quasi-steady), F£lrst, Bth, and (W2)th
harmonics of rtotor speed., €.9.. oust alleviation {(p=8)}, attitude
stabilizatjon (p=0), vibration alleviation {(p=1}. and IP lag damping
augrentation (p=B).

Note that all hammonics and in general any arbitrary time history of
control are achievable with a three-bladed rotor uming a conventional swash
plate,

The swmations of individual blade sensor signals required to cbtain
"ge muash plate collective and cyclitc pitch compoments provide a filtering
_#tion such that only the desired barmmics CP, 12, W, and (RSP remain
after summtion, f.e.. no gpecific harmonic analysis is required.

Since all sensing is done in the blades, no transfer matrices from
non-retating to rotating eystem are requiredr therefore no gpdating of
these mtrices is required, and no non-linearity problems result from the
Linearization required to obtain the transfer matrices. Also, blade state
measurements allow tighter wehicle control since rotor control can lead
fugelage response: this lead should provide more effective gust
alleviation and permit higher controd authority without iInducing rotor
instabjlities than would be possible without rotor state feednack [131.

2 Dlock diagram of an ackive control bystem For the conventiona) swash
plate of a helicopter rotor having four blades A, B, C, and D is shown in
Figure 10, The control voltages Vy y ate generated from blade-mounted
accelerometer sigmals, as described in preceding seckions. A schematic
showing all the components of such an active control system is shown In
Figure 11 for the special case of vibration alleviation.
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‘the blade—flapping direction.

7. FLIGHT TEST FCOTPMENT AND PROCEDURE

Recently, the first phase of a joint MASA~U.S. Army Flight test
program involvity the UH-60A Black Hawk helicopter was completed. The
£light test program, conducted from Januvary through June 1987 at Edwerds
Air Force Base, California, was part of the MASA Ames Resenirch Center's
Modern Technology Rotors Program (MIR). The MER program calls for a series
of f£light investigations using current, state-of-the-art rotor systems.
The present program, involving the UB~-60A Black Hawk, is the first of two
phases to be carried out by WASA, in conjunction with the U.S., Army
hviatlon Engineering Flight Activity (USAREFA}. The Phase I £1ight program
included an evaluation of rotor aercdynamic limits, handling gualities and
baseline acountic measurements of the UB-60A. It should be noted that the
flight data contained herein are preliminary in nature.

The instrumentation for this flight test inciuded a variety of
aircraft state and operating condition sensors, hub and fFuselage
accelerometers, and a strain-gauge—equipped blade. 'The strain-gauged blade
aleo carried a blade motion mensor system capable of independently
meamurit] hlade position. 2nd two blade-mounted accelercreters. The
accelerometers wsed during the flight test program were Entran Model BGA—
125-D (damped), and were located near the root and the tip of the blade, as
shown in Figure 12, The root and tip accelercmeters had ranges of ¥5g and
42509, Iespectively. 'The accelerometers were mamted alorg the blade
feathering axis to reduce pitch coupling effects. The mounting angles of
the asccelerameters relative to the blade were chosen to best reflect a
variety of flight speeds and conditions, i.e., blade coliective settings.
‘therefore, the acceleromsters were placed such that at mid-collective
position, they were at zero pitch angle and their sensitive axes were in
This arrangement is depicted in Figure 33.

The sensor used to independently determine blade position was the
Sikoreky blade-relative-motion hardware system. This it allows
measurement of blade-flapping angle at the blade root, relative to the mmin
rotor shaft axis. The blade-motion system also allows measurement of the
blade root pitch and lead-lag angles.

‘Fhe data acquisition system used during the UB-60A £light test program
was the USAARFA HiCap POM data system. Both accelerometers and the
independent main robtor flapping sensor were sampled at a rate of 517
sarples per second. This rate allowed reliable resclution of the data up
to BO Bz. Since the roter rotational speed of the UH—60A is roughly 4.3
Hz, the data sanpling rate provided information well beyond the present
froquency range of interest (5P and below).

8. FLIGHT TEST RESHINS AND DISCUSSION

The objective of the flight measurements was to compere the root and
tip acceleration measurements with values predicted by the simple rigid-
blade model and to conpare estimeted flapping with that measured by the
root-mamnted flapping transducer.

Figures 14 and 15 show the time histories and frequency spectra of the
two zoceleramstere and the flappiky transducer for an %0 kt. level flight
trim condition of the UH-60A helicopter. Multiple harmonics of rotor speed
{4.3 Hz) are evident in the record, with IP and 3F contributions being
particularly strong. In order to estimte flapping for purposes of
controlling flight dynamice, only the Jower frequency responses at 0-1P are
of jinterest. 'The accelerameter gpectrd, however, indicate significant 1P
regponse  due to  bending, implying the likelibood of additional
contributions 0 the local values of blade slope and blade acceleration,
which together determine the accelerometer responses.

E‘%:;rf*i:rple harmonic motion of a rigid blade at 1P with mean fiapping
B,

Bo md:él. the expected accelercmeter response is easily calculated. Using
the measured Flapping values for an 80 kt. trim. the estimated and measured



tip acceleration are shown in Fig. 16{a). %he result indicates that the
amplitude of the measured tip acceleration response is greater than the
simple model prediction by a factor of five. It is likely that the
increaged output is due to the local slope and acceleration due to blade
bending. The root accelerometer output was almost identical to the
expected response, as shown in Figure I6(b).

The messurements showed a significant phase shift between tip and root
accelercemeter mignals [Fig. 16(c}]. 'Te tip signal appears to lead the
root signal by 50 to 60 degrees of rotor azimith in some flight conditions,
and this lead was present in all the data to some degree. Independent
confirmation of the existence of phase differences due to bending can be
seen in the analysis of CB-34 blade response calculations by Esculier and
Bougman {141,

The following analysie, including blade bending in the accelercwmeter
signal, shows the phyeical basis for the above phenomena.

The flatwise accelerameter signal including blade bending is

:§ D L4 o e AR EE ) gy ®
™ g

i

vhere nix}
glt}

= hending mode shape

= bending mode displacement
Ra

complex to acoount for phase. Also take

b
X A=
nixd -4-:T:§: '-"‘T-%’

Assume B = Fet*t, g-§ei“t e uhere F and § are

- l‘lm—t [s(lﬁ_,%) -3]

i; - -ty 7 s B ont0 7T ¢ T (9
RO
For -%* 1, equation (%) becomes
EFI -
;nT - EEI + E{x.&) 91 {10}
w [ae®a? o acdy? - 3ho
vhere £z t) [4(1_9 sda 3(1_:)]

Equation {10} indicates that the blade-bending contribution to the
accelerometer 1P signal increases as the square of the spanwise
accelerometer location x, while the flapping 1P contribution is invariant
with span. For the data of Figure 15, the follewing 1P flapping and
bending amplitudes were estimated, using equation (10):

IEll = 0.044 rad.

l§1| = 0.0038

tlSI_' = 0.0021

£0x, 5} ‘§1| = — 0.00050 (inboard)

£ix,5) l'g-li = 0.015 (cutboard)

It is seen from equation (2} that the inboard 1F accelerometer signal is

flapping-dominated, while the ocutboard 1P accelerometer gignal i1s bending-
dominated.

For 1P excitation, blade bending (matural frequency =3P} has a small
phace lazg, and flapping (natural fregquency =1P) has a large phase lag.
Therefore the bending-dominated tip accelerometer signal 1F component can
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be expected to have a subatantial lead over that of the Elapping—dominated
rook accelercmeter signal.

The above xesults suggest that blade 0-IP flapping estimation can be
acconplished by using two jnboard accelerometers to minimize the blade
bending contribution to the accelercmeter signals. Altermatively, the
blade flapping and bending response cun be determined by using four
spanwise accelercmeters and the methodology of Section 2 to Bolve for
flapping and/or bending response.

9. CONCLESTONS

The flight test results described above indicate that the use of
blade-mounted accelercmeters to estimate blade flapping and flatwise
bending is feasible in terms of signal size and repeatability.

Inboard 0-1PF accelerometer signals are flapping-dominated.
OQutnoard ¢—1F accelerometer signals are bending—dominated.

Blade 0-1F flapping estimation can be accomplished by using two
inboard accelercmeters to minimize the bending contribution to the
accelerometer signals,

Blade 0-1P flapping and bending estimatien can be accomplithed b;
using four accelercmeters. In this case, the bending contributjon to
the accelerometer signals can be accounted for in estimating blade

flapping..
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