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Abstract: Maintenance costs of helicopters
can be reduced by applying individual tracking
of rotating component usage. This study
investigated the possibility of synthesizing a
load-time history of the main rotor pitch links
from strain measurements on stationary
components. Four approaches were tried,
namely linear regression in the frequency
domain, linear regression in the azimuth
domain, load path analysis of the swashplate
assembly, and supplementary statistical
analysis. Cross-validation and an advanced
linear regression method called Elastic Net
were employed. All the approaches of load
syntheses were tested against a data set
containing 42 runs of level flights selected
from the Joint USAF-ADF S-70A-9 Black
Hawk flight strain survey conducted in 2000.
The main finding of the study was that an
accurate or complete load synthesis was not
always possible due to the existence of
reactionless force components. This remained
true no matter what synthesis approach was
applied. The load path analysis was
recommended as an essential step in remote
synthesis of loads on helicopter rotating
components. This recommendation applies to
activities including evaluating reported case
studies, utilizing existing data set, and
developing new strategies of load synthesis.

Nomenclature

a coefficient of cosine terms

by coefficient of sine terms

fur nominal main rotor revolving frequency

k multiplier of fiz

m number of events in linear regression

n number of predictors selected by a linear
regression

p number of equations in linear regression

q number of all possible predictors in linear
regression

r distance from a servo link connection to
the centre of swashplate assembly

u re-sampled measurements at selected
azimuth points

y vector of dependent variables in linear
regression

F@) load history of main rotor pitch link

Nz ratio of actual and nominal main rotor
revolving frequencies

P; forces on four pitch links, idx =1, 2, 3, 4

R distance from a pitch link connection to the

centre of swashplate assembly
Siax forces on three servo links, idx =1, 2, 3

X matrix of independent variables in linear
regression
B vector of deduced parameters used to

predict y

®, angle between MRPR1 and lateral servo
link at the start of a data logging

Q, angle swept by MRPR1 from the start of
data logging

A, A, a pair of tuning parameters in Elastic Net
regression

A, tgy a pair of tuning parameters in Elastic Net
regression

1. Introduction

One of the important maintenance cost drivers
for helicopters is Component Retirement
Times (CRTs). Currently, CRTs are
determined based on a defined design usage
spectra and most fleets do not employ
individual aircraft tracking to enable
correlation to the design spectra. Added to this
is the simplistic way usage spectra are
developed.  Typically, the design usage
spectrum and the corresponding fatigue loads



are chosen so that they have a high probability
of being conservative for all the envisaged
roles of a helicopter type. Inevitably, this
means that almost all of the airframes within
the fleet have overly-conservative replacement
times applied to the dynamic components,
regardless of the operator [1].

Monitoring the usage of dynamic helicopter
components can be performed in many ways
and to varying degrees of accuracy. Currently,
the norm is to assume each fleet aircraft flies
the design spectra and usage is based on the
hours of operation. An improvement to this is
becoming more widely used where the types of
flying are recorded for each aircraft and
damage is attributed based on the type of
flight. This is the simplest form of individual
aircraft tracking. This approach can be
extended to identify the duration of segments
of the flight and attribute damage based on
these segments. Another improvement is to
identify manoeuvres and attribute damage for
each one performed. The manoeuvre would be
attributed damage based on the duration and
original design assumptions. The manoeuvres
can be identified from flight parameters, such
as velocity, mass, altitude, angle of attack, and
control inputs. A more robust approach would
be to find the load history for critical
components, either by direct measurement or
from load synthesis, and calculate the damage
directly on a location by location basis.

Detailed literature reviews of the topic have
been previously conducted by several authors
[2, 3]. In these reviews the authors summarise
that extending beyond individual aircraft
tracking to individual component tracking
would provide a significant dividend to fleet
lifing and therefore costing. This would be
especially true if implemented at the design
stage of the aircraft. Therefore, in an effort to
reduce the cost of ownership many researchers
are attempting to develop techniques for
monitoring the usage of dynamic helicopter
components. Direct loads monitoring would
provide the most accurate reflection of loads
experienced by individual components.
However, direct usage monitoring of rotating
components is currently considered impractical
for use in an operational squadron
environment, although developments of this
technology continue [4-7].

Indirect approaches, such as remote load
synthesis from strain measurements on
stationary components [8-10], or load range
predictions from flight and control parameters
[11-14], would provide individual aircraft
tracking and estimate components loads.
These have been investigated in the past few
decades with varying degrees of success.
Current onboard electronics provide enough
parametric data to mine for manoeuvre
identification for damage prediction [15]. This
is a cost effective, minimum intervention
solution that could be deployed in most fleets.
However, this is still highly conservative
because it relies on the original design
assumptions. Synthesizing component loads
would allow for component tracking, if the
methodology could be shown to be robust,
accurate and cost effective. This would require
the addition of a complete tracking system to
the aircraft and consequently is likely to be less
cost-effective than the parametric approach.
Therefore, such a system would require a high
degree of accuracy to warrant development.

The purpose of this study was to further
investigate the possibility of synthesizing load-
time histories on helicopter rotating
components, with a high degree of accuracy,
from remote strain measurements on stationary
components.

2. Description of Study

The study makes use of the data from the Joint
USAF-ADF S-70A-9 Black Hawk flight strain
survey conducted in 2000 [16]. As a first step,
loads on the main rotor pitch links (abbreviated
as MRPR in the flight loads data), see Fig. 1,
were selected as the target variables for
prediction. Forty-two level-flight runs were
selected as test cases, where horizontal
velocities varied from 0.3Vh to 1.0vh (Vh is
maximum level flight speed). Also varied were
Nz, gross weight, centre of gravity and pilot.
Each run of the flight data used in the study is
approximately 10 seconds long, logged at
416.7Hz, and contains up to 195 strain
parameters, of which 11 parameters are related
to the main rotor.

The main challenges of the study were: 1) to
select a minimum number of predictor
variables from more than a hundred channels



of strain measurements on the stationary
components across the whole helicopter
structure; and 2) to establish transfer functions
between the predictor and target variables.

Figure 1. Rotor head of a Black Hawk helicopter.

Initial trials were based on cross-validation
(CV) and linear regression analyses, using a
regression algorithm called Elastic Net. The
linear regressions were performed in both the
frequency and azimuth domains.

The results of the linear regression analyses
motivated the analysis of load path from the
MRPR to the fuselage. This was done by
considering the force and moment equilibriums
on the main rotor swashplate assembly. The
load path analysis was then supplemented by
statistical analysis.

During the earlier stages of development, it
became apparent that it was important to know
the position, or ‘azimuth’ of the rotating
components, such that data sets could be
aligned. Unfortunately, azimuth angles were
not recorded in the flight test data. Therefore
the results presented in this paper were all

based on alignments using ¢,, which is the
angle between MRPRL1 and lateral servo link at
the start of a data logging for a particular
manoeuvre. ¢, was back-calculated in the

load path analysis.

3. Linear Regression in Frequency Domain

Discrete Fourier Transforms (DFTs) were
performed on load-time histories of a MRPR.
As shown in Fig. 2, the resulting spectrum is
dominated by harmonic terms, of which the

base frequency equals the main rotor rotating
frequency, fur.
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Figure 2. Typical spectrum of a load-time history at a

main rotor pitch link, deduced using DFT (units
removed,).

As a result, the MRPR load-time history,
F(¢), was approximated as,

F(t)zao+i(ak CoS¢, +b, Sing,) 1)

k=1
where, k is multiplier of £, and,

¢k :kj.zﬂfMRNRdt 2
0

The coefficients in Eq.(1)—a, , b, , and a,—

were deduced using an Ordinary Least Square
(OLS) regression, instead of invoking DFT.
The OLS regression required less than one
second of flight data as input, therefore the
drift of main rotor frequency within a run
could be handled properly.

It was assumed that each harmonic component
of a MRPR load could be expressed as a linear
combination of modulated strain measurements
on stationary components. The modulations
were applied on amplitude, phase and
frequency. In the case of one set of flight test
data, this assumption led to:

Y[A -B] [aq
;|:B A :|zpi B |:bk :|MRPR (3)

where, k is the multiplier of f3,z as used in Eq.
(1). Here, i = 1, 2, ..., N, corresponds to
selected measurements on the fixed
components. A strain gauge measurement was
selected if its time history was dominated by
harmonic terms. For each i, A and B are row
vectors of coefficients of harmonic terms,



A=la, a a, .. aj]} @

B=[0 b b, .. b]

where, j=0,1, 2, ..., J, represents the order of
harmonic terms; P,is a column vector,

containing 2(J+1) parameters that are to be
determined.

In the case of m sets of flight test data, Eq.(3)
is assembled by row and transformed into:

prqﬁqxl = ypxl (5)

where, B =[B:, B3, ... B\l.p=2m,
qg=2(J+1)N, X is assembled from the
matrix before P, in Eq.(3), and y is assembled
from the right-hand-side of Eq.(3).

The load synthesis was then transformed into a
linear regression problem, that is, to determine
the best fit p to satisfy Eq. (5).

In the current application, Eq. (5) featured far
more variables than equations. Also, linear
correlations probably exist among variables
and equations. The main challenges in solving
such a problem were: 1) how to avoid over-
fitting so that the predictive capability was not
compromised; and 2) how to select the least
number of variables, thus producing the most
robust load synthesis model from the linear
regression.

An advanced regression method, named Elastic
Net [17] was selected to solve Eqg. (5). As
suggested in Ref. [17] and adapted based on
arguments in Ref. [18], this method was
considered more suitable than the alternatives,
including  forward  stepwise  selection,
backward stepwise selection, subset selection,
principal component, ridge regression and
lasso. The mathematical expression of the
Elastic Net method is given in Eq. (6):

B=(1+1,)arg rﬁnin{]y ~XB[ + 4Bl + 4|8}

(6)
The solution of Eq. (6) depends on a pair of
tuning parameters: A, and A, ; or equivalently
A and t, when it is transformed for

implementation, (see [17] for details). A CV
approach, as illustrated in Fig. 3, was used to

choose the tuning parameters, such that the
resulting  produced the best prediction.
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Figure 3. A Kcy-fold cross validation was used to
determined the optimized set of (4, tgy). Kcy =3 is
illustrated for simplicity.

A Matlab® implementation of the Elastic Net
and CV, which was modified from the source
codes published in [19], was used in this study.

The results shown in Fig. 4 were obtained
using 10-fold CV of 49 events (m=49). For the
coefficients of the base frequency (fiz) terms,
11 variables were selected from 1200
candidates. For the coefficients of the double
frequency (2fiz) terms, 19 variables were
selected. The results raised two concerns that:
1) the number of selected variables was larger
than ideal for a robust implementation; and 2)
the prediction errors were larger than ideal. If
the regression approaches were forced to select
less than 10 predictor variables, more
prediction errors would appear, especially for
the case of 2fyz terms where the plotted
predictions were based on 19 predictor
variables. This implied that the linear
regression analyses in the frequency domain
did not yield an acceptable solution for the
current problem, even though an advanced
regression method had been used.
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Figure 4. Load synthesis using linear regression in
frequency domain. (a) fyg terms, (b) 2fyr terms.

4. Linear Regression in Azimuth Domain

Prior work on a holometric flight
demonstration [10] showed that linear
regression within the azimuth domain may be
useful for load estimation. This concept was
considered in the second phase of this study.

Firstly, the load-time histories were re-sampled
into data relating to selected azimuth points.
For each azimuth point, it was assumed that
the measurement on a rotating component was
a linear combination of those on the stationary
components. For a single set of data, this
assumption led to the following expression:

N
Z”iﬂi = Uprpr (7
i-1

In the case of m events, Eq. (7) was assembled
by row into a form the same as expressed in
Eq. (5), except that p=m and g=N. The
linear regression problem was then solved
using the Elastic Net in conjunction with CV.

Figure 5 plots typical results using 5-fold CV
of 223 events of data sets. The two azimuth
points are ¥-main-rotor-revolution apart. Good
predictions are only seen in one of the azimuth
points.
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Figure 5. Load synthesis using linear regression in
azimuth domain. (a) at azimuth point 1, (b) at azimuth
point 2.



5. Load Path Analysis

Due to the errors produced by load synthesis
via linear regression in both the frequency and
azimuth domains, an improved understanding
of the behaviour of the components was
sought. Therefore, the load path from main
rotor pitch links through the swashplate
assembly, as shown in Fig. 6, to stationary
components was analyzed.

Rotating scissor Pitch link

Stationary /

swashplate

connection

Rotating
swashplate

Lateral servo
link / stationary

SCISSOr connection

Longitudinal servo
link connection

Figure 6. Schematic illustration of the swashplate
assembly of S-704-9 Black Hawk helicopter. (z-axis,
not shown, is normal to the xy-plane) .

In conducting this analysis, the effects of
swashplate tilting, inertia, friction and self-
weight were ignored. Further, it was assumed
that forces on the pitch links and servo links
acted in the z-direction. Consequently, the
forces on the swashplate assembly were
limited to those from:

« 4 pitch links (along z-direction)

« 3 servo links (along z-direction)

* 2 rotating scissors (in xy-plane)

« 1 stationary scissor (in xy-plane)

« 1 ball joint to main shaft (in xy-plane)

The forces in the z-direction are plotted in Fig.
7, where the coordinates are fixed on the
rotating swashplate, such that P/ and P2 are
always on the x-axis, and P3 and P4 always on
the y-axis.

As internal stresses were not considered, the
swashplate was approximated as a rigid body.
Out of six degrees of freedom of the rigid
body, three equations were established to

deduce pitch link forces: one related to force
equilibrium along z-direction, and the
remaining two related to moment equilibriums
about x- and y-directions. Obviously, three
equations could not uniquely determine four
unknown MRPR forces.

LAY

PO

Figure 7. Schematic illustration showing z-directional
forces on the swashplate assembly. P; to Py: pitch link
Jorces; S; to Ss: servo link forces.

Nevertheless, as an approximation of reality,
we assumed that the four MRPR forces were
nearly identical except for phase shifts as
follows:

B(0) =y + 3 [a, cOs(k) +b, sin(ke)]

P(p) = B(o+057) + &,
B(p)=Hhp+7)+e, (8)
P(0)=B(p+157)+e,

@ = ¢O +¢a
t
(P _L 27\ N pdt

where, &,, & and &, are error terms. Based

on Eq. (8), the force equilibrium along the z-
direction is shown in Eq. (9):

BE+P+P+PF=5+S5,+5, 9
and this was transformed into Eq. (10):
ay+ Y [a, cos(ke)+b, sin(ke)]
k=4,812,... (10)
1 1
= Z[Sl +S, +S3]_Z(82 +&,+8,)



Because of the approximate rotational
symmetry, only one of the two moment
equilibrium equations needed to be considered,
of which the moment balance about the y-axis
is shown in Eqg. (11):

R(R - B)=r[(S, - S))sinp + S;cos¢] (11)
and this was transformed into Eq. (12):
> [a, cos(kg) +b, sin(kg)]
k=1,3,5,.. (12)
1 1
= E[CIS“ +bSb]+582

where,
S, =(S,-8))sing, +S,cos¢,
S, = (S, —Sy)cosg, —§;sing,

r
a=—CoS (13)
R Dy

ro .
b =—sin

R 20
Equations (10) and (12) indicated that:

a) The =zero-Hertz, A4fyr, 8fur, 12fun,
components of MRPR force could be
deduced from the force equilibrium. In a
simplified form, they could be expressed as
a quarter of the sum of servo link forces;

b) The fur, 3fur, 5ux . ... components of
MRPR force could be deduced from the
moment equilibrium equation. The transfer
function involves frequency modulation by

Jur

¢) The 2fyr, 6fir, 10fyr , ... components of
MRPR force could not be deduced from
any of the equilibrium equations.

As illustrated in Fig. 8, the aforementioned
force components resulted in distinct load
conditions on the swashplate assembly. These
load conditions were previously catalogued as
collective, cyclic and reactionless load
conditions [20]. Here, the same terminologies
were used to refer corresponding MRPR force
components. A reactionless component is self-
balanced within the swashplate assembly.
Therefore it is impossible to synthesize a
reactionless component from forces on the

servo links, or any measurements on the
stationary components further down-stream.

a) zero-Hertz, 4fjp, collective
8 fims 12fires ..

b) far: Sfrirs Hirs cyclic
Thirs o..

€) 2fsr: 6fair: 10fir, reactionless

141 R, ... |
|
Figure 8. Schematic illustration of three types of load
conditions on a swashplate induced by varied MRPR
Jforce components.

None of the parameters in Eqg. (10) or (12) is
able to be tuned. For example, #/R is a fixed

value for any given swashplate, ¢, is an angle

that defines the initial position of a pitch link
connection in relative to servo link connection,

@, is an angle swept by the rotating

swashplate. For this study, ¢, can be readily

integrated from rotor speed and elapsed time,
¢, was back-calculated because it was not

recorded in the flight data. The back-
calculation of ¢, did not hinder the load path

analysis to be applied individually onto each of
the 42 runs of level flights.

Figure 9 compares the measured and
synthesized MRPR forces (labeled as
“synthesized A”) under two typical level flight
conditions: one at 0.3Vh, the other at 0.9Vh.
The relationships described in Egs. (10) and
(12) are generally observed. As expected, the
reactionless components could not be
synthesized. Also it was shown that the
reactionless MRPR force components were
dominated by the 2f)z term. This led to an
attempt to supplement the load path analysis
with statistical analysis to estimate the 2/
term.
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Figure 9. A comparison of measured and synthesized loads on MRPRI under two level flight conditions. (a) 0.3Vh, (b)
0.9 Vh. (“synthesized A” was obtained using load path analysis. “synthesized B” was obtained using load path analysis
then supplemented by statistical analysis.)

6. Supplemented Statistical Analysis variables were selected mainly by relying on
trial-and-error.
A statistical analysis was performed to seek the

coincidence between the 2f,z component of 700 : ; ; ; ; ;
the MRPR force and strain measurements on Amplitude of 2f,  term ! L
stationary components. In this analysis, the R e e e T 7@‘(1 -1
amplitude and phase of the 2f;x component : : : oy L
were regressed separately. Based on the data B0OF - == q--=---=-p-=-71---3%-=-----
set of 42 runs of level fights, it was found that: | | | | /od o0 |

B Y
* The amplitude of a 2,z component could be % ; - ;
predicted, with some errors, from zero-Hertz @ 300F - --1--- 715709@# e
components of two strain measurements at l & l l l
transmission support beams, see Fig. 10. The - i e
predictor variables were manually selected e
from those suggested by an Elastic Net 100 - i e S R
regression. 1 1 1 1 1 1

00 160 260 360 460 560 660 700

* The phase of 2f;z component could not be Measured
reasonably predicted, unless its amplitude was Figure 10. A comparison of measured and predicted

sufficiently large, see Fig. 11. The predictor amplitudes of 2fyr component.
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Figure 11. The error of phase prediction at varied
amplitude of 2fyr component.

The results of the supplementary statistical
analysis were then added to those obtained
using the load path analysis. The summed
results were plotted as “synthesized B” in Fig.
9. It can be seen that the MRPR force
syntheses were improved in one case but not in
the other. This supports the finding of the load
path analysis that a reactionless component
could not be synthesized with sufficient
accuracy and  repeatability from the
measurements below the swashplate.

7. Conclusions

In this study, four approaches were considered
for synthesizing load-time histories of
helicopter MRPR  forces from strain
measurements on stationary components. The
trials were based on 42 runs of level flights,
selected from existing data set of the Joint
USAF-ADF S-70A-9 Black Hawk flight strain
survey. A strict criterion was set up in
assessing the accuracy of load synthesis. It is
concluded that:

e The linear regression approach, either in
frequency domain or azimuth domain, was
shown to have excessive errors for this
structural layout and data set.

e The load path analysis revealed that
reactionless components (here 2fiz, 6fur,
10fysz, ...) of the MRPR force were filtered by
the swashplate assembly and therefore could

not be synthesized from measurements below
the swashplate.

» The supplementary statistical analysis
confirmed that 2f,z, the dominant term of the
reactionless components, could not always be
predicted with sufficient accuracy.

8. Recommendations

The above findings lead to the suggestion that
a load path analysis should be regarded as an
essential step in developing remote synthesis
of loads on helicopter rotating components.
This leads to the following recommendations:

* In the case of evaluating reported studies of
load synthesis, a close investigation should be
performed to reveal whether the reported
success is limited to a certain type of structural
layout and/or a situation where the target load-
time history is dominated by certain frequency
terms.

» When a study is based on an existing data set
of strain measurements, a load path analysis
should be performed to reveal whether a
complete load synthesis may be prohibited by
reactionless components. This should be done
before any other analysis.

* When a new strategy of load synthesis is to
be developed, a load path analysis should be
performed to determine appropriate locations
of measurements, which can be used as
prediction variables such that target force
components are not filtered by the structural
layout.
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