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Rotor state measuremvents on the Black Hawk helicopter vsing blade-
mounted accelerometers are described, beginning on the Airloads Black
?{awk in 1987, then in 1994, and finally on the RASCAL - Black Hawk
in1998. The underlying theory is also presented, including a method for
removing the effect of vehicle motion from the accelerometer signals,

1 INTRODUCTION

Highly agile helicopters require high-gain attitude control systems.
The effect of blade dynamics must then be incorporated in the attitude control
system design {1} Therefore the measurement of blade fapping states is
required. Such measurements are also required in the implementation of
Individual-8lade-Contral {IBC) [2}.

The measurement of rotor blade flapping states on the Black Hawk
helicopter using blade-mounted accelerometers was commenced in 1987 [3}
These tests demonstrated that the measuzement required two accelerometers
located at the blade poot. This knowledge was then applied to blade flapping
measutements oa the Bell 412 rotor during wing tunnel tests [4] and the
Airloads Black Hawk during flight teses [5]

Currently this technology is being applied to the RASCAL Black Hawk
(6]

Accelerometers have also been applied o the measurement of other
rotor blade stales, e.g., torsion {7], lagging {8], and flatwise bending [9].

2.... ACCELEROMETER KINEMATICS

From Figure 1, the blade flatwise acceleration at station due to response
of the first two latwise modes is
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Then, for accelerometers mounted at 1, 1), 1, and 1,
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In matrix notation, A » MR
Then the Ratwise modal responses are given by

ReM'A
Note that the elements of MT are dependent only upeon blade spanwise
station, rotor rotation speed, and bending mode shape, ie, they are
independent of flight condition.

Since the elements of M are independent of flight condition, the
solution for a desired modal response involves only the summation of the
products of spanwise accelerometer signals and their correspanding constant
matrix elements by an analog or digital device, here called a gglver.

Consider the block diagram shown in Figure 2 For modal acceleration
¥ and modal displacement x determined as above for any mode, this diagram

represents the following filter equations from {10):

%E=E+Kl(1—i) )]
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E:x=x+K,(x—x) (4}
where the hatted quanlities are estimated values, and X, and K; are constants.
Writing the estimation error as

e=x—1
and differentiating equation (3) with respect to time, there results

2
SieLike (5)

Substituting equaticn (4) into equation {5),
i:;i=f+xx¢+'(lé (3]
d .

Since E:Ti- i=-¢, equation {6) becomes

E+KE+Kpe=0 (]
This expression represents the dynamics of the estimation error. The
corresponding characteristc equation is

FeKs+k, =0
The bandwidth and damping of the estimation process are determined by the
choice of the constants K, and K.

Since the elements of the filter shown in Figure 2 are independent of
flight condition, the estimation of modal rate response involves only the
integration of the products of constants anc the measured modal responses by
an analog or digital device, here called a McKillip filter. Note that an
improved estimate of the modal displacement x is also obtained due to the
double integration of modal acceleration £ embodied in the filter. Also, note
that no knowledge of the rotor or its flight condition is required in designing
the filter,

. REMOQVING THE EFFE E VEHICT.E MOTT

Flight tests have shown that a considerable portion of blade-mounted
accelerometer signals is due to vehicle motion during maneuvering flight.

The purpose of this investigation is to identify the signal components
due to vehicle motion, and determine a means of eliminaling them from the
accelerometer signals.

Consider the inertial axis system shown in Figures 3 and 4. Blade
flapping with respect to the X-Y {inertial) plane is
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B B+ (B - By cosy + (B, - @} siny ()
where 8 and ¢ are fuselage Euler angles, v is blade azimuth {it, and 3,, f, and
B, are components of flapping with respect to the hub plane, ie,

Bys = By + B, cosy + B, siny 2}

Differentiating equation (1) with respect to time,
By = Bot (B, - Drcosy- (B - DA siny

+{B, - §)sing + (B, -9) [ cosy &}

Blade inertial flapping 8, and flapping velodty B, can be obtained
using the methods of Section 2. The quantities 5y, (§ - 8), and (, - ¢) can be
transferred to the fixed system using the coordinale transformation described
in Ref. 4 and shown in Figure 5. The quantities f,. (B,. . G and (.(1. - @) can
be transferred to the fixed system as shown in Ref. 4, and in Figure 6.

Then the desired quantities f,. §_. f, and f can be obtained using
the measured fuselage quantities B, &, p and §.

4. AIRLOADS BLACK HAWK FLIGHT TESTS IN 1967131 AND 1954 [5]

The objective of the flight. measurements was lo compare flapping
estimated wusing the root and tip acceleration measurements with that
predicted by a simple rigid-blade modei, and with that measured by a root-
mounted flapping transducer.

Time histories and frequency spectra of the two accelerometers for an
B0 kt. level flight tim condition of the UH-60A helicopter, Figure 7, are
shown in Figures 8 and 9. Multiple harmonics of rotor speed (43 Hz) are
evident in the record, with 1P and 3P contributions being particularly strang.
In order to estimalte flapping for purposes of controlling flight dynamics, only
the lower frequency responses at 0-1P are of interest. The analysis of {3]

indicated significant 1P Hp accelerometer response due fo bending
contributions to the local values of blade slope and blade acceleration, which
together determine the tip accelerometer response, This was not the case for

the root accelerometer.

The results suggested that blade O-IF Happing estimation can be
accomplished by using two inboard accelerometers to minimize the blade
bending contribution to the accelerometer signals. Alternatively, the blade
flapping and bending response can be determined by using four spanwise
accelerometers and the methodology of Section 2 to solve for flapping and/or
bending response.

The knowledge obtained from this test led to the use of two blade-root-
mounted accelerometers in the wind tunnel and flight tests described in [}
and {5].

Typical Black Hawk flight test results are shown in Fig. 10.

% RASCAL BLACK HAWK

A general description of the RASCAL helicopter is given in [6]. A
similar helicopter is shown in Fig. 7.

The complete rotor state measurement and estimation system installed
on the RASCAL is shown in Figure 11. The hub mounted LASER sensors
and blade mounted accelerometers provide redundant and complementary
flap and lead-lag information for the estimalion algorithms. A LASER senser
is also used to measure blade pitch angle. Main roter RPM is sensed in the

fixed frame and used in the modal transformations of the accelerometer
signals to produce blade angle estimates. Main rotor azimuth is also

measured in the fixed frame for use in the multibiade coordinate
transformation of the rotating system data into the non-rotating frame.

LASER distance sensors are used to estimate the f{lap, lead-lag, and
piteh angular displacements of each main rotor blade. These sensors calcuiate
distance from beam reflection, are highly accurale, and have a very high
bandwidth, The sensors are mounied on the hub and measure displacements
of the attachment spindle and pitch link which are functions of the desired
angles. Since the blade is rigidly attached to the spindle, blade root angles can
be inferred from these motion data. A detailed description of the LASER
system is given in [11].

Two pairs of linear accelerometers are mounted on the surface of each
blade at the locations shown in Figure 12 for the estimation of blade root flap
and lead-lag angles. One pair are located with the sensitive axis perpendicular
to the plane formed bty the blade chord and span lo sense blade flapping and
one pair are oriented with the sensitive axis along the blade chord to sense
lead-lag. The inboard member of each pair is located 27 inches from the
center of the main rotor shaft. The outboard member of each pair is located
42 inches from the center of the main rotor shaft. The flapwise
accelerometers are located on the upper surface of the blade at the quarter
chord. The lagwise accelerometers are located on the trailing edge cutout
surface.

Typical flight test data are as shown in Figure 10.

6. CONCLUDING REMARKS

The unique characteristics of blade-mounted accelerometers are as
follows:
1. Their functional relationship with hlade accelerations and displacements is
independent of {light candition.
2. They permit an inner feedback control loop around each blade jn the
potating system. Complete vehicle functions can be achieved by outer loops,
which can operate at high gain, since blade stability is ensured by the inner
loop.
3. They offer advantages over other sensors: the accelerometer signal can be
integrated once and twice to obtain high-fidelity rate and displacement
estimates.
4. They permit control in the time-domain: this eliminates the need for
harmonic analysis found in HHC systems, with corresponding lags, and
Inability to follow the rapid transients found in helicopter maneuvering
flight. Also, the stabilization of various blade modes becomes possible.

These unique characteristics of accelerometers make them superior

biade-mounted sensor candidates for the upcoming IBC Black Hawk described
in[12}
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Figure 2. Block Dfagram of McKiIlip Filter
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Figure 5. Schematic of Flapping Dlsplacement Measurement System f/’B g/f;p3 Flgure 6. Schemallc of Flapping Rale Measurement System {/f é/‘zp)
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The Sikorsky Blck Hawk Helicopler
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Figure 8.  Root Accelerometer Time History and Frequency Spectrum
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Figure 16, Blade Flapping in Forward Flight
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Figure 9. Tip Accelerometer Time History and Frequency Spectrum
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Figure 11. Schematic of RASCAL Blade Instrumentation
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Figure 12. RASCAL Accelerometer Installations
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