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Abstract

The Rotor Systems Research Aircraft
uses load cells to isolate the
rotor/transmission system from the fuse-
lage. An analytical model of the rela-
tionship between applied rotor loads and
the resulting load cell measurements is
derived by applying a force-and-moment
balance to the isolated rotor/transmission
system. The model is then used to esti-
mate the applied loads fron measured load
cell data, as obtained from a ground-based
shake test. Using nominal design values
for the parameters, the estimation errors,
for the case of lateral forcing, were
shown to be on the order of the sensor
measurement noise in all hut the roll
axis. An unmodeled external load appears
to be the source of the error in this
axis.

Introduction

The Rotor Systems Research Aircrsaft
(RSRA) has a set of seven load cells con-
necting the main rotor transmission to the
fuselage. Their purpose is to make high-
accuracy measuremeats of the net rotor
loads, as resolved at the rotor hub, from
flight data (Ref, 1). The use of these
load cells to estimate applied rotor
forces and moments at the hub requires an
accurate mathematical expression relating
rotor loads, inertial loads, and load cell
readings. Both the structure and param-
eters of this model must be specified.
Previous approaches to processing ground-
test data have not yielded an acceptably
accurate relationship. This is particu-
larly true for the case of applied high
frequency dynamic loads. This paper
describes a new zpproach to obtaining the
relationship, and presents the results of
a preliminary evaluation of the resulting
model from @xperimental data.
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Nomenclature

indi{vidual load c¢rl
outputs (Fig. A1)

linear acceleration at
C.G.

position of C.G. from
shaft attach point

longitudinal distance
between vertical load cell
attach points

expected value operator

for
cell

lateral offset of
ward lateral 1load
from centerline

error in estimate o
applied hub loads

aft
from

lateral offset of
lateral lcad cell
centerline

vactor of six applied
hud loads

estimates of applied hub
loads

position of hubdb from C.G.

moment of inertia about
Cc.G.

vector of six {nertial
loads

position of C.G. from

aft load cell attach
points

mass ratrix

effective mass of
rotor/transmission/engine
ayatern

number of samples
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X,Y,Z,L,M,N

Subscripts
A

a,b,¢c,d,e,f,8

Xy¥12

"

index of measurement
samples

rotational rates about
X,¥,2 axes

covariance of measure-
ment noise

total applied engine and
tail rotor drive torques

transformation matrix
for hub loads

transformation matrix
for load cells

vector of seven load
cell measurements

lateral distance between
vertical load cell attach
points

force and moment compo-
nents (Fig. A2)

gyroscopic coupling
coefficients

se. of unknown parameters

a priori estimates of
parameters

post-calibration esti-
mate of parameters

measurement noise
load cell deformation
angles about x, y, and

z axes, respectively

frequency

accelerometer

attach point of each
load cell

total load
hub load
inert{al load
measured data
load cell

component for x,y,z axlis

Background

Previous Methods

The initial attempt to determine the
load cell response to the applied rotor
loads ‘nvolved applying static loads at
the hub and measuring the resulting load
cell response. A least-squar=s regression
approach was used to i1dentify a coeffi-
cient matrix relating the seven load cells
to the six hub loads. A six element bias
vector was also estimated. It was found
(Ref. 2z) that the coefficient matrix
varied as a function of the applied mul-
tiple axis load. This indicates a non-
linear dependence of the load cell
response to the applied rotor loads, and
would require a polynomial expansion of
the multi-input multi-output relationship
to characterize it in terms of constant
parameters.

The next calibration was a ground-
based shake test in which a pair of iner-
tial shakers were mounted on the rotor hub
to apply dynamic¢ loads at specified ampli-
tudes and frequencies. During this exper-
iment, the RSRA was suspended from the hub
s0 the static loading was the same for all
tests. As a result, the nonlinear varia-
tion of the relationship with static loads
observed in the static test should not be
present in the shake test. The Force
Determination *fethod (Ref. 3) was utilized
to estimate applied rotor loads from a
variety of sensors around the aircraft.
This method first identifies the transfer
functions between the applied rotor loads
and sensors at various points on the air-
craft, then identifies tne applied rotor
load from a least . juares fit to the
transfer functions and measured sensor
responses. The results were unacceptable
because the {dentified transfer functions
varied with the magnitude of the applied
load; hence, they could not be used to
estimate the applied load witnout a more
extensive calibra“!on procedure. Since
there was only one static load condition,
it appears that this nonlinearity is due
tc a different mechanism than the nonline-
arity observed in the static tests.

Proposed Metho

Since the sensors utilized in the
T"orce Determination Method (FDM) incluled
numerous accelerometers and strain gauges
mounted on the fuselage, transfer func-
tions of these sensors will be affected by
any nonlinear dynamic behavior in the
fuselage. This etfect complicates the use
of fuselage sensors to determine applied
rotor loads. The RSRA was designed to use
load cells to isolate applied loads from
diffrerent sources, such as the main
rotor, .a.l rotor, engine, and wings. The
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proposed approach takes advantage of this
concept by treating the rotor transmission
as an isolated system with externally
applied loads from the load cells and the
rotor (Fig. 1). The applied rotor loads
are then measured from a force-and-moment
balance using measured load cell loads (T)
and inertial loads (J) as derived from
transmisaion acceleration measurements.

In order t¢ utilize this approach, a model
is req.ired chat relates applied external
loads on the rotor/transwmission system to
the resulting trorces and moments at the
center of mass of the system. This model
is derived analytically from .hysical
principles, using the known =2ouetry of
the rotor/transmission system. Parameters
withh potentially uncertain values in this
model are explicitly represented to pro-
vide the capability to calibrate the
mode. .

The advantages of this approach pre-
dominantly arise from the physical insight
obtained in using an analytically derived
model. With such a model, sensitivity
analysis and physical judgment can be used
to select the mout appropriate set of
available parameters for calibration.
Consequently, fewer parameters need be
calibrated than when no physical insight
is used. In addition, the parameters to
be calibrated now have a physical inter-
pretation so that the validity of the
calibration results may be assessed. The
model should initially be derived to be as
simple as possible. If it cannot ade-
quately explain the observed experimental
behavior with a physically reasonable set
of parameter values, it may be expanded to
include additional effects, as required.
It is important that all major effects be
identified and incorporated into the model
before calibration of the parameters is
attempted, or the parameter values will
compensate for the unmodeled effects as
best they can and achieve physically unre-
alistic values in the process,

Objective and Approach

The objective of this study is to
derive a simple dynamic model of the iso-
lated rotor transmission system and test
its accuracy with experimental data.

The approach is first to derive a
simple model of the rotor transmission
system, tr:ating it as a linear, rigild,
isolated body. Known or assumed values
are used for a'l parametsrs of the derived
model. The model is then applied to test
data to determine its accuracy. If it
appears that calibration can further
improve the accuracy, the appropriate
patameter set will be selected and cali-
brated. If the accuracy appears limited

by an unmodeled effect, the model will be
expanded to evaluate potential sources of
the unmodeled effect.

Rotor/Transmission Model

The arrangement of the load cells
below the rotor/transmission system is
shown in Fig. 2. A detailed description
of this system, including all inertia
contributions, is given in Ref. 2. There
arc seven load cells; four are mounted
vertically at the corners of the trans-
mission mounting plate, two are mounted
laterally at the fore and aft edges of the
meunting plate, and one is mounted longi-
tudinally at the forward edge of the
mounting plate. An inertial "vad vector,
J, is located at the center . -"ravity of
the rotor/transmission system, © the
applied rotor load vector (H) is located
at the rotor hub (Fig. 3). The rotor hub
is located at the end of the rotor shaft
which i{s tilted forward at an angle of
2°, The load cells are connected to the
transmission and the fuselage by spherical
bearings.

fhe proposed approach is to estimate
the applied hub loads from a force-and-
moment balance of the external loads and
the inertial loads. In order to accom-
plish this, all externally applied loads
must be transformed to the center of mass
where the inertial loads act. By treating
the rotor/transmission as an isolated
system, the load cell forces are consid-
ered a measured, externally applied load
on the system. A 6 x 7 matrix (S) is
derived that transforms the seven load
cell loads (T) at their attach points to a
set of six load components at the center
of mass. A 6 x 6 matrix (R) is derived
that transforms the applied rotor load (H)
at the hub to the center of mass. An
inertial load (J) at the center of mass is
derived from measured accelerations and
assumed irertial parameters. Using the
derived matrices, a force-and-moment
balanre at the center of mass results in a
set of s.v simultaneous equations which
may be wri-.ten in matrix form as:

J+8+«T" "R +«H=20 (1)

A detailed description of these vectors
and matrices are given in Appendix A.

The assumptions used in deriving Lhe
matrices and Eq. (1) are that the
rotor/transmission system is a rigid body
and that there is no friction in the load
cell bearings. These assumptions were
made to simplify the {initial approach.
Both nonrigid boay effects and friction in
the load cell bearings could be added to
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the model in cerder t¢ ma“ch the experi-
mental data if that appear: to be
required.

The transformation matrices S and
R and the inerti.l load vector J were
all derived to explicitly contain all
potentially uncertain parameters of the
system, so that any subset of parameters
can be selected for calibration. The
parameters defined in the model are:

a) All distances and angles required
to define the resultant moment arm from
the center of mass to load application
points.

b) All angles and magnitudes
required to define load cell load conuro-
nents acting on the rotor/transmission
system,

c) All mass properties required to
determine inertial loads from measured
rates and acceleratiors,

Test Conditions

Having derived a model, the next step
is to evaluate it with experimental
data. Both static¢ and dynamic ground test
data are available. The dynamic data
generated by the shake test were chosen
since they would provide a more rigorous
test of the model structure than would the
static test data. The dynamic data are
not, however, suitable for testing the
calibration procedure. This is becausw
the same static load condition exists for
all dynamic tests, and parameter varia-
tions are mostly dependent on variations
in the static loading. Once the model
structure has been validated with the
dynamic data, the model can be applied to
the static test data to evaluate the cali-
oration procedure.

The test datum selected was a fre-
quency sweep from 15 to 18.5 Hz in the
y-axis applied rotor load (lateral
force). This frequency range was chosen
because it contains the N/rev frequency,
and identification of applied rotor loaas
at this frequency is of special
interest. The lateral forcing was chosen
because previous tests have shown the
poorest results with y-axis forecing, so
it would provide the most rigorous test.
Transfer function data were generated from
the raw test data by a harmonic¢c analyzer
for four levels of applied load. Equa-
tion (1) was then used to generate the
applied load estimate from the transfer
function data. Eaquation (1) was processed
with all of the model parameters set to
assumed nominal values.

382

Error Analysis

Total Estimation Error

In a controlled ground test environ-
ment, the actual values of the applied
rotor loads are known so the total error
in the estimate can be readily obtained.
Given the measured load cell readings, Tm,
and inertial loads derived from accel-
erometer measurements, Jm, Eq. (1) may be
used to estimate the applied rotor loads
as:

H=-R"" + [Jdm+S + Tn]

(2)

The total error in the estimate is .
obtained by subtracting the known values

of applied rotor load from the estimate of

Eq. (2) to get:
ey = H - H = -R_1 < [(dm + S * Tm] - H
(3)
ey = -R' c[Jm+S *Tm+R - H]

The available shake test data were in the '
form of transfer functions that had been

gencrated from the raw data by a harmonic

analyzer. 1In order to utilize these data

with the proposed model, it was necessary

to transform the model to the fregquency

domain and write it in terms of the trans-

fer functions. Transforming Eq. (3) to

the frequency domain gives:

eH(w)

- -R—1 .

-,

[Jm{w) + S * Tm(w) + R * H{w)]

(%)

If only a y-axis rotor load, Hy(w), is
applied, Eq. (4) may be written in terms
of tne transfer functions as:

-1

eH(m, = -R * [(JIm(w)/Hy(w))

+ 8 « (Tm{w)/Hy(w)) + R] « Hy(w)

(5)

where Jm(w) /Hy(w) and Tm(w)/Hy(w) are
vectors of transfer functions of the iner-
tial and load cell lcads with respect tc
the y-axis rotor load. Eguation (5) is
usa2d to evaluate the total error in the
evtimate using the available transfer
lunction data.
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Numerous potential sources of error
are present in this system. The evalua-
tion procedure is to examine the total
error and 2ttempt to categorize it into
the potential sources. Once identified,
the sources would be modeled and included
in the system. Most of the error will

probably be attributable to one of five
sources:

A) Systematic errors in data collec-
tion.

B) Unmodeled static and dynamic
effects,

C) Unmodeled external loads.

D) Random e-rors in sensors.

E) Incorrect parameter values.

Systematic Errors in Data Collection

One source of error is the use of
transfer function data. Since this is
treated as raw data in this study, any
errors in the identification of the trans-
fer functions would propagate through the
proposed approach. The recorded time
domain data should be reprocessed by the
harmonic analyzer tr provide only Fourler
transformed data, not transfer functions.

Angular accclerometers and rate gyros
were not available on the rotor transmis-
sion system for the shake test. Since
there is no way to obtain all such data,
the approach taken is to assume it is
negligible and see how the estimates com-
pare with this assumption. Some justifi-
cation for this assumption comes from
comparing the response of the two linear
accelerometers mounted on the transmission
with a 2-ft vertical displacement between
them. The difference in the y-axis com-
ponents divided by the vertical dis.lace-
ment should give the roll axis angular
acceleration., The average value of this
der 1ved roll acceleration over the fre-
quency range for an applied load of 800 1b
was found to be 0.09 rad/sec/sec, support-
ing the low angular acceleration assump-
ticn. The derived angular acceleration
data was not used with the model because
the errors in the linear accelerometers
are such that the accuracy of the derived
angular acceleration is 0.6 rad/sec/sec.
The derived values are therefore in the
noise level, The angular accel_ration
affects the translational equations since
the linear accelerometer is not mounted at
the center of mass and will, therefore, be
affected by angular accelerations. The
moment equations are affected since the
angular inertial loads are dependent on
the angular accelerations, The errors
associated with neglecting a

0.09 rad/sec/sec¢ roll angular acceleration
are 12 1b in the y-force and 27 ft-1b in
the rolling moment so the assumpticn
appears juatified.

Unmodeled Static and Dynamic Effects

The model derived for this study was
kept deliberately s‘mple to facilitate the
analysis. I. can be expanded If necessary
to account for the observed error. Unmod-
eled effects with potentially significant
impact on the model include friction in
the load cell bearings, flexibility in the
rotor/transmission system and nonlinearity
in the dynamic response to applied
loads. The nature of the error signal
should suggest which ¢’ these effects are
iresent. Friction and deadbands will be
characterized by hysteresis in the
response. This effect is more reacily
observed Iin static data than in dynamic
data. Flexibility will show up as a reso-
nance at some frequency and will result in
a phase and amplitude shift between the
input and output signals. Nonlinear
dynamics will be readily detected by a
frequency shift between the input and
output data. Static nonlinearities result
in parameter vac~iations and are corrected
by calibration rather than by expanding
the model.

Random Errors in Sensors

383

Both load cells and accelerometers
have measurement noise that produces a
lower bound on the accuracy of the applied
load estimates. It 1s possible to obtain
accuraclies below this limit, but this
requires the use of statistical processing
techniques such as Kalman Filtering and
Smoothing. This effect can certainly not
be reduced by any mndifications to the
model. The effect of accelerometer and
load cell noise on the applied rotor load
estimate is derived in Appendix B and used
to generate the errors given in Table I.
These numbers were based on the assumption
of independent random errora for each
sensor with accuracies of 1% of full scale
for the accelerometers and 0.1% of full
scale for the load cells,

Unmocaled External Loads

The derived model will be in error if
all externally applied loads are not
included. If the levels are low, .hen
this can be the most difficult source of
error to identify. This is because it can
take on virtually any characteristic. and
will blend in with other rrror sources.
The only possibility for detecting this
type of error is if it {s sufficiently
large that it cannot be logically
explained by any of the other error
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sources. Once the presence of an unmod-

. eled i1oad is suspected, the error data may
assist in isolating its scurce, but a
thorough examination of the test rondi-
tions is usually required to resolve this

effect.

»

Incorrect Parameter Values

. once the model structure has been

- validated to the fullest extent possible,
5 the remaining errors should be due only to
- incorrect values for the parameters. At

this point, calibration may be applied to

i reduce this error source. If calibration
B is attempted before the model structure is
adequately dete~minec, the parameters will
take on whatever values are required to
. compensate for the model structure

- errors. This will result in physically
unrealistic values for the parameters and
could, in fact, be a test for whether the
model structure is accurate.

R T
NERL SO

The conventional approach to calibra-
tion has been to apply least-squares mipi-
mization of the error with respect to the
z parat.eters to be calibrated. Since the
parameters are now imbedded in a model,
the least-squares minimization of the
error mu3t be done subject to the con-
straint that the model equations are
satisfied. This is refered to &as a con-
strained leust-squares approach (Ref. 4)
and the algorithm is derived in Appendix C
for the constraint of Eq. (1).
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; Since the available data are in the
frequency domain, the calibration must be
performed in the frcquenry domain. Tiis
is actually an advantage since the fre-

- quency domain transformation has ~~ancen-

; trated information for the required fre-
quency range into fewer data points ihan

e requirea for a time domain representa-

tion. Calibration may then be performed

witn fewer data 'n the frequency domain.

The least-squares minimization -ay be

applied to frequency domain data in the

same way as it is applied to time domain
data (Ref. 5). The only nmodification is
that the data are organized with the real

N and imaginary parts stacked end to end

) rather than usine the data in complex

form. This insures that the identified

parameter values will not be c¢cohmplex.

Results
. Equation (3) was applied to transfar
L3 function data for the load cells ard the
"" main rotor gear cox accelerometers to
reet generate the estimetion error of the

o derived model in the freguency domain.

ﬁ Assumed, nominal values, based on aircraft
design specifications, were used for all
parameters in the model. Flgures 4 and 5
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show the magnitude of the transfer func-
tion data for the seven load cells and two
accelerometers for an 800 1b y-axis exci-
tation. The lncztion of the load cells
may be seen by finding the correspondingly '
labeled luad cell in Fig. 2. The acceler- ;
ometer transfer functions have been multi-

plied by the s sLem mass co piroduce iner-

tial loads. The strong coupling in the

syatem is apparent from the large vertical

load cell values for a y-axis excita- {
tion. The strong correlation in the

z-axis is particularly apparent from the \
sudden drop in z-axis acceleration at the ‘
same frequency (16.6 Hz) where two verti-
cal load cells (A and B) suddenly assume
equal and opposite values.

Figures 6 through 11 show the error .
in the model, as defined bYy Eq. (3), using
nominal paramater values. Table I shows
the average error over the frequency range
as compared to the accuracy limit set by
the instrumentation noise. With the
exception of applied rolling moment, the
average error shown in Table I and the
frequency plots shown in Figs. 6-11 demou-~
strate that the rigid body model of the
isolated rotor transmission system pro-
duces applied load estimates with error
levels comparable tvo the instrumentation '
noise level,

B v

B R e -

The pronounced roll moment error
(Fig. 9) is too great to be explained by '
parameter errors, sensor errors, or angu-
lar accelerations. The demonstrated lack H
of significant angular accelerations about H
the roll axis indicates that it is not due ;
to a nonrigid body effect. It can also be >
seen that there is no frequency shift (the . i
hump at 16.6 Hz in the error signal .
matches the hump in the locad cell data at
that frequency) so the error ‘s not a I
nonlinear function of the modeled vari- §~J
ables. The only remaining explanation is b
that the error is due to an unmodeled ' 3
extern>' load with predominant effect in
the roll axis. A potential candidate for
the source of this load is the drive train
sinne it would affect only the roll
moment. Measurements of the shaft torques
from tie engine and the tail rotor are
required to verilfy this and could be used
to cempensate for this effect,

Nominal parameter values produce
estimation errorc on the order of the
fnstrumentation no!se level {n all but the
roll axis, and the roll axis error {s too
great to be explained by parameter uncer-

tainties; therefore, calibration is not
needed to improve the accuracy In five
axes ¢ d would not nelp in the sixth. Th:

3nuree of unknown roll axis loading mus®
be d:sermined and moJdeled before the r il
e~ e ugsed for roll moment estimation.
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Conclusions

An analytically derived model with
nominal parameter values has been used to
estimate applied rotor loads from measured
load cell and accelerometer data. This
approach has also provided a check on the
consistency of measured input/output
data. The presence of an unmodeled exter-
nal load was detected in the roll axis and
its source is being investigated.

The following conclusions are drawn
from this work:

For the y-axis case, an analytically
derived linear, rigid body model of the
isolated rotor/transmission system with
nominal parameter values performs well in
all but the rol' axis.

Nonrigid bocy effects or nonlinear
behavior cannot explain the roll moment
error. The error must be due to an exter-
nally applied, unmodeled load.

Calibration is unnecessary f- this
case since improved parameter estimates
will not improve the estimation error
further. The estimation error in all but
the roll axis is already in the noise
ievel and the error in the roll axis is
tno great to be logically explained by
different parameter values.

Recommendations for Further Research

The following recommendations are
made:

Apply the model to data generi.te by
excitation in other axes to validate [t
under a brouvader range of conditions and to
further 1solate the source of the unmod-
eled load. This analysis should be backed
up by a follow-or physical error source
analysis.

Apply the model to static test data
to evaluat ' the cilibration technique.
Nominal parameter values have done sur-
prisingly well in allowing accurate hub
load estimation for the specific static
load condition present in the dynamic
dati. Static test experience suggests
that this will not be true under all
static load conditions. Once the model
structure i{s fully validat-4 it should be
applied to s:atic test data to deterniane
which parameters to calibrate and to
determine the range of variation of the
paramcters tirough calibration.

Appendix A: Load Cell Model Derivation

A dlagram of the undeformed 1lrad cell
geometry is shown in Fig. A1. The 1o0ad
cells are mounted to the fuselage and .o
the transmission base by spherical bear-
ings. It is a3sumed that the transmission
base dces not warp, so all changes in the
loau cell geometry are due to deformations
in the load cells themselves or in the
fuselage mounting points. With this
assumption it is possible to completely
model the load cell response using a gen-
eral three-component representation of the
reaction force at each attach point on the
transmission base; no knowledge of the
fuselage deformation is required.

Three plane views of the load cell
geometry with the three-component reaction
force representation are shown iu Fig. A2,
Inertial loads, including gravity and the
drive shaft torque, are assumed to be
concentrated at the transmission zenter o.
gravity. The rotor loads are concentrated
at the hub. Taking the sum of the forces
and moments about the center of gravity
gives:

xc.xI+XH+Gx+Ex+FX+Ax

L, =L, +# L, + Y + h + (A + Dz) - w/2

c 1 H H z z
E +«e - (B +C )+« w/2+F_ ¢t
z z z z
- (B, +C + + G, +E + A +0D
¢ y Y y y y )
. bz = 0
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Using the transformations:

g
L}

A cus(oa)sin(eﬂ)
A = -A sin(oa)
A = A cos(¢a)cos(ea)

B =B cos(wb)sln(eb)

B = -B sin(ob)
B =B cos/ob)cos(eb)
C.=¢C cos(¢c)sin(cc)

c. = -C sin(@o)

C_=2C cos(oc)cos(ec)
D=~ D cos(@d)sin(ed)
D= -D sin(od) (A2)
D =D cos(¢d)cos(6d)

E = ~E cos(oe)sln(we)
E = E cos(@e)cos(we)
E = E sin(oe)

F = F cos(¢f)sin(wf)

F_ = ~F cos(¢r)cos(wr)
F_ = -F sin(:t)

- G
G cos(es)cos(wsz

= G ccs(eg)sin(wg)
- -G sin(eg)

the egquations become

J+R «HF + _ »Ta=2¢0 (A3)

386

B A T
where:
Jto= [Xp, Yo, 2y, Ly, Mo, NTO (W)
and
XI] —mx . ax T
Y -m,6 = a_ + [ -
I y " T iyt 8
ZI -mz . az
= (A5)
LI -Ix « p + Qt + FL +q
MI —Iy +q ¢ rM . P
N1 -1z + r
- -’ - -

In Eq. (A5), a, and a, are¢ tinear
accelerations in egch direction measured
at the rotor/transmission system center of
gravity, and p, q, and r are rotational
accelerations. Becauce of the nonrigid
engine mountings, the engine contributions
to inertial forces are not equal in all
directions when measured at the system
center of gravity. This effect can be
adequately modeled by assigning different
values to the total effective mass of the
combined rotor/transmission/engine system
in each direction: m and m, There
are also a few minor errox terms not given
here that are discussed fullv in Ref. 2.
Ix, ly, and Iz are moments of inertia;
related terms in the cross-products of
rotationa. .ates are regligible. Qt is
total applied engine and tail rotor shaft
torque. Cyroscoplc cnupling forces due to
engine and transmission :otational moments
of momentum are represented by the coeffli-
cients I, with subscripts fcr the appro-
priate axis. The hub forces (H) and load
cell rcadings (T) in Fq. (A3) are given
by:

H' = [xH, Yu» Zys Ly, My, NH] (A6)
T* = (A, B, C, D, E, F, G] (AT)
The geometric transformations ~:om t.e

applied loads to the center of mass (R and
S) are given Yhy:

1 0 0 0 0 0
0 1 0 o 0 O©
0 0 1 0o 0 0
R = (A8)
te r, 0 1 0 0
| -h, 0 ~-hy 10
L ~ hy 0 0 0 1-
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and
C¢aSea CobSHeD CocSec
-S¢a -S¢b -S¢c
C¢aCea CobCab CocCoe
w/2C¢aCpa bzS¢b bzS¢ce
S = |+bzS¢a -w/2C¢bcéd -w/2C¢cCéoc
bzCpaSea bzCébSeb bzC¢cSec
-(d-1)C¢aCba -(d-1)Ce¢bCODb +!CocCohec
-w/2C¢aCha w/2C¢bSeb 1S¢c
f(d-1)Soa ~(d=-1)S¢db +w/2C¢cSee

where C and S denote cosine and sine
functions, respectively

Appendix B: The Eff:ct of Sensor Noise
on Load Estimation

The analytical model of the
rotrr/transmission system derived in the
text has the form:

J +85 +T+R «H =0 (B1)

Given the measured lcad cell -ead-
ings, Tm, and inertial loads d:rived from
accelerometer measurements, 'm, the
applied rotor loads, H, are estimated from
Eq. (B1) as:

He k"' [dm + S «Tn] (82)

The measured load cell and accelerometer
values may be written in terms c¢f their
true values and a random measurement noise
component as follows.

am = a + vy vy " N(O.QA) (B2)

A

Tm =« T + v, ,

T Vp = N(O,QT)

{gh)

Writing the derived inertlial load vector,
Jm, as the product of an inertia matrix,
M, aud the accelerometer measurements, am,
glves

Jm = M * am = M ¢ a + M - v, = J + M Va
(B5)

where J s the actual tnertial load

vecio .

Substituting Fqs. (E4) -~v41 (B5) into
Eq. (B2) gives:

1

H « -R c[J+8 +T] + v, (86

H

where

ORIGINAL PAGE 15
OF »QOR QUALITY

C¢dSed -C¢eSye -CeéfSyf cégCyg
-S¢d CpeCyz Corcyf CygSvg
Ce¢dCed S¢e S3f -368
bzS¢d -eS¢e ~£S¢f -bzCégSvg
+w/2C¢dCed -bzCoeCye ‘+p2CorCys
bzC¢dSoa -bzCoeSye +bzCorSyf bzCegCyg
+1C¢dCed -{d-1)S¢e +15¢f +(d-1)Seg
13¢d -eCpeSye +1CorCyt (d-1)CegSy
-w/2C$dS8d +(d-1)CoeCye -fCHrsSy*
(A9)

v, = -R *LM vy + 8 - vl (BT)

Substitut.ng Eq. (P1) into Lq. (B6) then
glves:

H=H=+ v vy - N(O.QH) (B8)

H

From e£q. (B8) it is seen that v,, asg
given by Eq. (B7), is the combineAd arFect
of the instrumentation errors on the
applicd rotor load esiimate, H. This
error repr~se.ts a lower bouna 2n the
accuraly of the estimation that s attain-
able without applying statistical process-
ing, such as Kalman filtering or amooth-
ing. The covariance of this error, Qy.
may be computed from Eq. (BT7) using the
known covariance of the instrumentation
errors, Q, and Qr, as follows.

t
Qy = Elvyvyl

= !-.'.{[-F(-1 e (M« v, + 9 - vT)]

)

-8 v (M . vy ot S VT)]'}
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The sensor noise components arg assumed
independent so the term E{v,v.} is
zero. Substituting the known covariance
matrices of the sensors for the other
expected value terms glves:

(B11)

Appendix C: Calibration Algorithm

The applied rotor load estimation
error is gisen by Eq. (3) in the text as:

ey 'v[Jdm+ S . Tm+ R . H]{C])

The ccefficient matrices, R and S
contain geometric parameters of the model
and the derived inertial loads vector, Jm,
include inertial parame*ers of the
model. A subset, ©, of the parameters is
selected for calibration and the error is
treated as a function of those param-
eters. A cost function is written in the

form:
N
S . -
V(0) = 1/2 « 1 e (@,n) . W .e,(p,n)
ne1 B H

(c2)

where W 1is a weighting matrix given by:

N
s

. a . a !
W= 1/N §.1eH(0,n) eﬂ(o.n) (C3)

Expanding the first partial of V with
respect to the parameter set & about
their ncainal values of 0 gives:
Iy = Al 2,7 2
aV(E)/30 = JV(0)/30 + (A -~ C) + 3°V(0)/30"
(cH)

”~
Setting the desired value at © to zero,
corresponding to an extremum, glves:

1

A 2., % 2, - - 1
© = 0 - (3°V(0)/30%) + (3V(B8)/30)

(C5)

Taking the first partlial of V with
respect to © gives:

. t"fﬂ‘

N
s

av(B)/30 = I e
n=1

-1

(8,n)' - W' e (8,n)/20

H

(c6)
The second partial, to first order, is
then:

N

2., 2 8 = '
V()30 = I (aeH(e,n)/ae) . W
n=1

-1

-(aeH(e.n)/ae) (c7)

Once the parameter set has been choser,
the partial derivative of the errors, e ,
with respect to the parameters must be
generated analytically from Eq. (C1). the
parameter estimates are then obtained from
Eqs. (C5) to (C7) using the measurement
error sequence, eH,generated by Eq. (C1).

References

1. Burks, J. S., "Rotor Systems Research
Aircraft (RSRA) Rotor ¥Force and Moment
Measurement System,"™ AYAA First Flight
Test Conference, Las Vegas, Nev., Nov.
1981.

2. Acree, C. W., "Results of the First
Complete Static Calibration of the
RSRA Rotor Load Measurement System,"
NASA TP-2327, 1984,

3. Giansante, N., Berman, A., Flannely,
W. G., and Nagy, E. J., "Structural
System Identification Technology Veri-
fication," USAAVRADCOM Report
No. TR-81-D-28, Nov. 1981.

4. Bryson, A, E., Jr., and Ho, Y. C.,
Applied Optimal Control, Blaisdell
Publishing Co., Waltham, Mass., 1969,

5. Du Val, R. W., "The Use of Frequency
Methods in Rotorcraft System Identifi-
cation," AIAA Paper 81-2386, AIAA 1st
Flight Testing Conference, Las Vegas,
Nev., Nov. 1981,




;Tdm.m; \AACGURET S e &

. 5
?
" ' .
‘
ORIGINAL 'PAGE I3
e OF POOR QUALMTY '
Table I o
% - Estimation error Instrumentation nolise
5 Load
. 200 1b 400 1b 600 1b 800 1b Total Load cells Accelerometers
9
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T z 12 17 28 39 312 50 308 !
- L 592 1648 1772 2477 §46 179 408 :
o M 27 17 24 47 436 143 412 i
v N 84 76 173 214 81 61 54 i
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DISCUSSION
Paper No. 24

EVALUATION OF A LOAD CELL MODEL FOR DYNAMIC CALIBRATION OF THE ROTOR SYSTEM RESEARCH AIRCRAFT
R. W. Du val
M. Bahrami
and
B. Wellman

Charlie Fredrickson, Sikorsky Aireraft: I'd like to thank you for your paper and for menticning
the drive train and its possible impact on rotor loading, transmission loading, etc. One effect
that you may not have modeled seems to be kind of glaring and looking at the analytical model in
your paper was the engine. I see the engine kind of cantilevered off the transmission [or] the
drive shaft and I am sure that is not the way it is supported. If it does have a longitudinal
restraint to the airframe that may account for part of the modeling error that you may not have
accounted for.

Du Val: Yes, in fact the way the engine is mounted is that there are swivel mounts in a univer-
sal joint that should prevent any longitudinal restraint on the engine. Now just how well those
are working is another question,

Dev Banerjee, Hughes Helicopters: Ron, a very logical and systematic modeling approach to
ldentifying the model of the transmission mount. When'you get to correlating the test results
with your analytical model, I presume you would include the noise characteristics into your
ercor function., How do you intend putting in the covariance of the noise of the load cell?
[How do you] intend to find it?

Du Val: That basically was done analytically. Since we have a covariance for the load cells
and for the accelerometers we can use our analytical model to determine what the resulting
covariance would be in the estimation of the hub loads, using those assumed covariances for the
sensor data, and in fact that is the way we arrived at the noise level lines that we put on the
charts.
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