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TIP CLEARANCE HARMONIC ESTIMATION

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH OR
DEVELOPMENT

[0001] This invention was made with Government support under Agreement No.
WOI11W6-13-2-0003 awarded by the Army. The Government has certain rights in the

invention.

BACKGROUND OF THE INVENTION

[0002] The subject matter disclosed herein relates to a harmonic estimator and, more
particularly, to a harmonic estimator for tip clearance in a rotorcraft.

[0003] A coaxial rotorcraft is characterized as having an airframe and a main rotor
assembly at a top portion of the airframe. The main rotor assembly includes upper and lower
main rotors that rotate about a common rotational axis relative to the airframe in opposite
directions to generate lift and thrust for the aircraft. Tip clearance between the respective
blades of the upper and lower rotors refers to the distance between the blades of the upper
rotor and the blades of the lower rotor as they pass one another during the rotations at blade
crossings. Generally, tip clearance needs to be maintained above a pre-defined lower limit to
insure that the blades of the upper and lower rotors do not hit one another.

[0004] In order to insure that tip clearance is maintained above this lower limit, the
tip clearance is typically monitored using direct sensing methods such as proximity sensors.
However, since these direct measurements only measure the tip clearance at blade crossings,
the direct measurements do not necessarily have predictive capability. Also, since proximity
sensors only provide tip clearance measurements, they cannot be used to gather additional

state information.

BRIEF DESCRIPTION OF THE INVENTION

[0005] According to one aspect of the invention, a method of tip clearance estimation
for a rotor blade is provided. The method includes measuring blade deflection of the rotor
blade, generating a harmonic function for the rotor blade from the measured blade deflection,
predicting tip displacement of the rotor blade using the generated harmonic function and
adjusting a position of the rotor blade according to the predicted tip displacement.

[0006] In accordance with additional or alternative embodiments, the measuring of

the blade deflection includes sensing strain in the rotor blade, determining blade deflection
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for the rotor blade in accordance with the sensing and calculating tip displacement for the
rotor blade in accordance with the determined blade deflection.

[0007] In accordance with additional or alternative embodiments, the sensing includes
taking internal strain readings from within the rotor blade from the strain gage installed in or
on the rotor blade.

[0008] In accordance with additional or alternative embodiments, the strain gage is
installed proximate to a rotor hub to which the rotor blade is connected.

[0009] In accordance with additional or alternative embodiments, the determining of
the blade deflection comprises analyzing pre-defined strain-deflection relationships using the
internal strain readings.

[0010] According to additional or alternative embodiments, a rotorcraft is provided
and includes an airframe, coaxial rotors disposed to rotate relative to the airframe in opposite
directions about a common rotational axis to generate aircraft lift and thrust, sensors disposed
in or on respective rotor blades of the coaxial rotors to sense strain therein and a tip clearance
estimation unit configured to execute the method of tip clearance estimation in accordance
with the sensed strain and to predict a minimum tip clearance between the respective rotor
blades of the coaxial rotors per blade revolutions at various sampling steps in accordance
with the predicted tip displacement of each of the respective rotor blades.

[0011] In accordance with additional or alternative embodiments, the rotorcraft
further includes a flight computer configured to employ an output of the tip clearance
estimation unit in a feedback loop for executing fly-by-wire controls.

[0012] In accordance with additional or alternative embodiments, the measuring of
the blade deflection includes measuring a respective blade deflection of upper and lower rotor
blades, the generating of the harmonic function includes generating a respective harmonic
function for the upper and lower rotor blades from the measured blade deflections, the
predicting of the tip displacement includes predicting a respective tip displacement of the
upper and lower rotor blades and the adjusting of the position includes adjusting respective
positions of the upper and lower rotor blades according to the predicted tip displacements.

[0013] In accordance with additional or alternative embodiments, the measuring of
the respective blade deflections includes sensing strain in the upper and lower rotor blades,
determining the respective blade deflections for the upper and lower rotor blade in
accordance with the sensing and calculating respective tip displacements for the upper and

lower rotor blades in accordance with the determined blade deflections.
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[0014] In accordance with additional or alternative embodiments, the sensing includes
taking internal strain readings from within the upper and lower rotor blades from strain gages
installed in or on the upper and lower rotor blades.

[0015] In accordance with additional or alternative embodiments, the strain gages are
installed proximate to a rotor hub to which the upper and lower rotor blades are connected.

[0016] In accordance with additional or alternative embodiments, the determining of
the respective blade deflections includes analyzing pre-defined strain-deflection relationships
using the internal strain readings.

[0017] According to additional or alternative embodiments, a rotorcraft is provided
and includes an airframe, coaxial rotors disposed to rotate relative to the airframe in opposite
directions about a common rotational axis to generate aircraft lift and thrust, sensors disposed
in or on respective rotor blades of the coaxial rotors to sense strain therein and a tip clearance
estimation unit configured to execute the methods described herein in accordance with the
sensed strain.

[0018] In accordance with additional or alternative embodiments, the rotorcraft
further includes a flight computer configured to employ an output of the tip clearance
estimation unit in a feedback loop for executing fly-by-wire controls.

[0019] In accordance with additional or alternative embodiments, the tip clearance
estimation unit is a component of the flight computer.

[0020] These and other advantages and features will become more apparent from the

following description taken in conjunction with the drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The subject matter, which is regarded as the invention, is particularly pointed
out and distinctly claimed in the claims at the conclusion of the specification. The foregoing
and other features, and advantages of the invention are apparent from the following detailed
description taken in conjunction with the accompanying drawings in which:

[0022] FIG. 1 is a side view of a coaxial, counter-rotating rotorcraft;

[0023] FIG. 2 is a front, elevation view of the rotorcraft of FIG. 1;

[0024] FIG. 3 is a schematic diagram of components of the rotorcraft of FIG. 1;

[0025] FIG. 4 is an enlarged schematic view of a strain gage of the rotorcraft in
accordance with embodiments;

[0026] FIG. 5 is a flow diagram illustrating a method of tip clearance estimation in

accordance with embodiments;
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[0027] FIG. 6 is a schematic diagram of a harmonic estimator and a tip clearance
predictor in accordance with embodiments;

[0028] FIG. 7 is a graphical depiction of a harmonic function of a rotor blade; and

[0029] FIG. 8 is a graphical illustration of how harmonic functions of rotor blades can
be used to predict tip clearances in accordance with embodiments.

[0030] The detailed description explains embodiments of the invention, together with

advantages and features, by way of example with reference to the drawings.

DETAILED DESCRIPTION OF THE INVENTION

[0031] As will be described below, tip clearance of a coaxial rotorcraft is indirectly
measured from readings indicative of blade deflection using a harmonic estimator. That is,
the blade deflection of each rotor blade is measured using a strain-displacement method for
example and a harmonic estimator is used to determine the harmonic components from the
results of the strain-displacement method. With the harmonic components so determined,
blade travel data as a function of azimuth can be predicted for both upper and lower rotors
and thus a minimum tip clearance per revolution can be determined and maintained at every
sample step independent of blade crossings.

[0032] With reference to FIGS. 1-3, a coaxial rotorcraft 1 is provided and may be
configured for example as a coaxial, counter-rotating helicopter or some other fixed or
variable wing aircraft with single or multiple rotors. The rotorcraft 1 has an airframe 2 that is
sized to accommodate a pilot and, in some cases, one or more crewmen and/or passengers as
well as control features and a flight computer 10 (see FIG. 3). The airframe 2 has a top
portion 3 and a tail portion 4 that extends in the aft direction. The rotorcraft 1 further includes
a main rotor assembly 5 at the top portion 3 of the airframe 2, an auxiliary propulsor 6 at the
tail portion 4, an engine 7 (see FIG. 3) and a transmission 8 (see FIG. 3). The engine 7 may
be disposed within or on the airframe 2 and is configured to generate power to drive
respective rotations of the main rotor assembly 5 and the auxiliary propulsor 6. The
transmission 8§ is similarly disposed within or on the airframe 2 and is configured to transmit
the power from the engine 7 to the main rotor assembly 5 and the auxiliary propulsor 6.

[0033] The main rotor assembly 5 includes a first or upper rotor 50 and a second or
lower rotor 51. The upper rotor 50 includes a rotor shaft 501, a hub 502 and blades 503
extending radially outwardly from the hub 502. The rotor shaft 501 and the hub 502 are
rotatable in a first direction about rotational axis RA, which is defined through the airframe 2,

to drive rotations of the blades 503 about the rotational axis RA in the first direction. The
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lower rotor 51 includes a rotor shaft 511, a hub 512 and blades 513 extending radially
outwardly from the hub 512. The rotor shaft 511 and the hub 512 are rotatable in a second
direction about the rotational axis RA, which is opposite the first direction, to drive rotations
of the blades 513 about the rotational axis RA in the second direction. The auxiliary
propulsor 6 has a similar structure with an axis of rotation that is generally aligned with a
longitudinal axis of the tail portion 4.

[0034] In extending radially outwardly from the hubs 502, 512, the blades 503, 513
are pivotable about respective pitch axes PA that run along respective longitudinal lengths of
the blades 503, 513. This pitching can include lateral cyclic pitching, longitudinal cyclic
pitching and collective pitching. Lateral cyclic pitching varies blade pitch with left and right
movements and tends to tilt the rotor disks formed by the blades 503 and 513 to the left and
right to induce roll movements. Longitudinal cyclic pitching varies blade pitch with fore and
aft movements and tends to tilt the rotor disks forward and back to induce pitch nose up or
down movements. Collective pitching refers to collective angle of attack control for the
blades 503, 513 to increase/decrease torque.

[0035] When driven to rotate by the engine 7 via the transmission 8, the main rotor
assembly 5 generates lift and the auxiliary propulsor 6 generates thrust. The pilot (and crew)
and the flight computer 10 can cyclically and collectively control the pitching of the blades
503, 513 of at least the main rotor assembly 5 in order to control the flight and navigation of
the rotorcraft 1 in accordance with pilot/crew inputted commands and current flight
conditions. In doing so, the blades 503, 513 may be monitored to insure that blade tip
clearance C (see FIG. 2) is maintained above a predefined minimum distance so that the
respective tips of the blades 503 do not impact the respective tips of the blades 513.

[0036] The rotorcraft 1 may further include a system of sensors 30. The system of
sensors 30 may in turn include a plurality of individual sensors 31 that are respectively
disposed on rotating or non-rotating frames of the rotorcraft 1. That is, the sensors 31 can be
disposed on the hubs 502, 512, the blades 503, 513 or on the airframe 2. In any case, the
sensors 31 can sense or obtain data used to detect hub moments for the upper rotor 50 and the
lower rotor 51, blade tip clearances between the blades 503 of the upper rotor 50 and the
blades 513 of the lower rotor 51, a differential lateral cyclic pitch between the blades 503 of
the upper rotor 50 and the blades 513 of the lower rotor 51, a differential longitudinal pitch
between the blades 503 of the upper rotor 50 and the blades 513 of the lower rotor 51, a pitch

rate of the rotorcraft 1 and an attitude of the rotorcraft 1. Based on such sensing capability,
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the sensors 31 are further configured to generate the hub moment data, the tip clearance data
and the lift offset (lateral and longitudinal) data and to issue the same to flight computer 10.

[0037] In addition and, with continued reference to FIG. 3 and additional reference to
FIGS. 4-9, the sensors 31 may be disposed to measure rotor azimuth for the first and second
rotors 50 and 51 and at least one or more may be provided as strain gage sensors 310 that are
disposed on the blades 503, 513 to be disposed or configured to sense strain occurring in the
blades 503, 513. Such strain would be associated with blade deflection of the corresponding
blade 503, 513 and can be used to determine the blade deflection and a tip displacement of
the corresponding blade 503, 513. From the determination of the tip displacement, a
harmonic function can be derived using a measurement of rotor azimuth and this harmonic
function can be used to generate a tip clearance prediction. The tip clearance prediction can
then be used to identify a minimum estimate tip clearance at blade crossings. As such, while
the sensors 31 can be used to directly measure tip clearance, it is understood that the strain
gage sensors 310 can be used to estimate and predict tip clearance in addition to or instead of
direct measurement at each crossing of the blades 503, 513. With reference to FIG. 4, the
strain gage sensors 310 are strain gages that are disposed in or on the blades 503, 513. As
shown in FIG. 4, the strain gage sensors 310 may be disposed proximate to hubs 502, 512 and
can be laid-up as part of the blades 503, 513 or inserted into a groove formed in the bodies of
the blades 503, 513. In any case, the strain gage sensors 310 serve to measure strain or to take
strain readings internally of the blades 503, 513 and are coupled to the flight computer 10,
which may include a harmonic estimator 40 and a tip clearance predictor 50 to be described
below. In accordance with embodiments, where signals output from the strain gage sensors
310 pass from rotating to non-rotating frames of the rotorcraft 1, such signals may be
transmitted wirelessly or via a slip-ring 311.

[0038] As shown in FIGS. 3 and 5-8 and, in accordance with embodiments, the flight
computer 10 may include the harmonic estimator 40 and the tip clearance predictor 50
although it is to be understood that the harmonic estimator 40 and the tip clearance predictor
50 can both be provided as stand-alone components as well. In any case, the harmonic
estimator 40 and the tip clearance predictor 50 together form a tip clearance estimation unit
60 (see FIG. 3) that is configured to execute a method of tip clearance estimation for the
blades 503, 513. The method includes an operation 61 of measuring respective tip
displacements of the blades 503, 513 from an initial time ty to a current time teyyen: (s€€ FIG.
7), an operation 62 of generating respective harmonic functions 63 for the blades 503, 513

from the measured tip displacements, an operation 64 of predicting respective tip
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displacements of the blades 503, 513 for times following the current time (see FIG. 7) and an
operation 65 of predicting a minimum tip clearance 66 between the blades 503, 513 per blade
revolution at various sampling steps in accordance with the predicted respective tip
displacements.

[0039] In accordance with embodiments, the measuring of operation 61 may include
sensing strain in the blades 503, 513 by, e.g., the strain gages 310, determining respective
blade deflections for the blades 503, 513 in accordance with the sensing by analyzing pre-
defined strain-deflection relationships that are stored within, e.g., the flight computer 10 and
calculating respective tip displacements for the blades 503, 513 in accordance with the
determining.

[0040] In order to execute the method described above and, as shown in FIGS. 6-8,
the harmonic estimator 40 may in accordance with some embodiments include a tip
displacement estimate unit 41, a first summation unit 42, a second summation unit 43 and a
delay buffer 44. The tip displacement unit 41 is receptive of at least the rotor azimuth
measurement from the sensors 31 and a first signal S1 from the delay buffer 44. The first
signal S1 incorporates a collective deflection term as a function of delayed time, a sine
component of blade deflection as a function of delayed time and a cosine component of blade
deflection as a function of delayed time. The tip displacement unit 41 is thus configured to
generate and output a tip displacement estimate wey. The first summation unit 42 is receptive
of the tip displacement estimate w.y and a tip displacement measurement wy,,s (see FIG. 5)
based on the strain and blade deflection sensing of the strain gages 310 that are disposed on
the blades 503, 513, as described above, from the initial time t; to the current time toyen. The
first summation unit 42 thus generates and outputs a tip displacement error signal Aw toward
an amplifier having a gain Kn. The second summation unit 43 is receptive of the amplified
error signal Aw and the first signal S1.

[0041] The second summation unit 43 then generates a second signal S2, which is
reflective of a harmonic function of the corresponding blades 503, 513 and incorporates a
collective deflection term as a function of time, a sine component of blade deflection as a
function of time and a cosine component of blade deflection as a function of time. This
second signal S2 is output from the second summation unit 43 toward the tip clearance
predictor 50 and the delay buffer 44. The delay buffer 44 is thus receptive of the second
signal S2 and generates, from the second signal S2, a next first signal S1 which includes the

collective deflection term as a function of delayed time, the sine component of blade
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deflection as a function of delayed time and the cosine component of blade deflection as a
function of delayed time.

[0042] Having received the second signal S2, the tip clearance predictor 50 first
calculates blade deflection w(t,'¥) as a function of time, including times following the current
time toyrenr, and rotor azimuth per blade revolution according to the following harmonic

function equation:

w(t,?) = wo(t) + Z(Wc_n (t)cos(n(¥ + @)) + ws , (t) sin(n(¥ + <I>)))

i=1

where:

wo(t) is the collective blade deflection term as a function of time,

W; n(t) is the sine component of blade deflection as a function of time,

Wen(t) is the cosine component of blade deflection as a function of time,

Y is the rotor azimuth, and

@ is a constant offset to account for shifts in rotor crossings.

[0043] Next, the tip clearance predictor 50 calculates a minimum estimated tip
clearance as a function of time, including times following the current time t.yyen, according to
the following equation:

TC(t) = . min {(wp(t, W r) cos(Prr) — wyr(t, Pyr) cos(Pygr)) + Azhubs

°<¥'<360
+ Azconing}

where:

UR is the first rotor 50,

LR is the second rotor 51,

Azhubs is the distance between the first and second rotors 50 and 51 at the hubs 502,

512, and

Azconing is the distance between the first and second rotors 50 and 51 due to rotor

blade coning.

[0044] As shown in FIG. 8, the minimum estimated tip clearance is circled as
calculated by the tip clearance predictor 50 and can be used to predict the distance z between
the blades 503, 513 as a function of rotor azimuth . As shown, the tip clearance predictor
50 predicts that the smallest value of z will occur at the blade crossings associated with rotor
azimuth W5

[0045] In accordance with further embodiments, the information and predictions

provided by the tip clearance predictor 50 can be transmitted to the flight computer 10. The
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flight computer 10 can then employ the information and predictions of the tip clearance
estimation unit 50 in a feedback loop for executing fly-by-wire controls of the rotorcraft 1.
[0046] While the invention has been described in detail in connection with only a
limited number of embodiments, it should be readily understood that the invention is not
limited to such disclosed embodiments. Rather, the invention can be modified to incorporate
any number of variations, alterations, substitutions or equivalent arrangements not heretofore
described, but which are commensurate with the spirit and scope of the invention. By way of
example, while shown in relation to predicting blade tip clearance in the context of a coaxial
helicopter, aspects could be used to predict blade tip motions for a conventional single rotor
helicopter. Additionally, while various embodiments of the invention have been described, it
is to be understood that aspects of the invention may include only some of the described
embodiments. Accordingly, the invention is not to be seen as limited by the foregoing

description, but is only limited by the scope of the appended claims.
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CLAIMS:
What is claimed is:
1. A method of tip clearance estimation for a rotor blade, the method comprising:
measuring blade deflection of the rotor blade;
generating a harmonic function for the rotor blade from the measured blade
deflection;

predicting tip displacement of the rotor blade using the generated harmonic function;

and

adjusting a position of the rotor blade according to the predicted tip displacement.

2. The method according to claim 1, wherein the measuring of the blade deflection
comprises:

sensing strain in the rotor blade;

determining blade deflection for the rotor blade in accordance with the sensing; and

calculating tip displacement for the rotor blade in accordance with the determined
blade deflection.

3. The method according to claim 2, wherein the sensing comprises taking internal
strain readings from within the rotor blade from a strain gage installed in or on the rotor
blade.

4. 'The method according to claim 3, wherein the strain gage is installed proximate
to a rotor hub to which the rotor blade is connected.

5. The method according to either of claims 3 or 4, wherein the determining of the
blade deflection comprises analyzing pre-defined strain-deflection relationships using the
internal strain readings.

6. A rotorcraft, comprising:

an airframe;

coaxial rotors disposed to rotate relative to the airframe in opposite directions about a
common rotational axis to generate aircraft lift and thrust;

sensors disposed in or on respective rotor blades of the coaxial rotors to sense strain
therein;

a tip clearance estimation unit configured to execute the method according to any of
claims 1-5 in accordance with the sensed strain and to predict a minimum tip clearance
between the respective rotor blades of the coaxial rotors per blade revolutions at various
sampling steps in accordance with the predicted tip displacement of each of the respective

rotor blades.

10
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7. The rotorcraft according to claim 6, wherein the rotorcraft further comprises a
flight computer configured to employ an output of the tip clearance estimation unit in a
feedback loop for executing fly-by-wire controls.

8. The method according to claim 1, wherein the measuring of the blade deflection
comprises measuring a respective blade deflection of upper and lower rotor blades, the
generating of the harmonic function comprises generating a respective harmonic function for
the upper and lower rotor blades from the measured blade deflections, the predicting of the
tip displacement comprises predicting a respective tip displacement of the upper and lower
rotor blades and the adjusting of the position comprises adjusting respective positions of the
upper and lower rotor blades according to the predicted tip displacements.

9. The method according to claim 8, wherein the measuring of the respective blade
deflections comprises:

sensing strain in the upper and lower rotor blades;

determining the respective blade deflections for the upper and lower rotor blade in
accordance with the sensing; and

calculating respective tip displacements for the upper and lower rotor blades in
accordance with the determined blade deflections.

10. The method according to claim 9, wherein the sensing comprises taking internal
strain readings from within the upper and lower rotor blades from strain gages installed in or
on the upper and lower rotor blades.

11. The method according to claim 10, wherein the strain gages are installed
proximate to a rotor hub to which the upper and lower rotor blades are connected.

12. The method according to either of claims 10 or 11, wherein the determining of
the respective blade deflections comprises analyzing pre-defined strain-deflection
relationships using the internal strain readings.

13. A rotorcraft, comprising:

an airframe;

coaxial rotors disposed to rotate relative to the airframe in opposite directions about a
common rotational axis to generate aircraft lift and thrust;

sensors disposed in or on respective rotor blades of the coaxial rotors to sense strain
therein;

a tip clearance estimation unit configured to execute the method according to any of

claims 8-12 in accordance with the sensed strain.

11
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14. The rotorcraft according to claim 13, wherein the rotorcraft further comprises a
flight computer configured to employ an output of the tip clearance estimation unit in a

feedback loop for executing fly-by-wire controls.

15. The rotorcraft according to claim 14, wherein the tip clearance estimation unit is

a component of the flight computer.

12
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A US 7,468,856 B2 (FITZPATRICK et al) 23 December 2008 (23.12.2008) entire document 1-5, 8-12
A US 7,455,495 B2 (LEOGRANDE et al) 25 November 2008 (25.11.2008) entire document 1-5, 8-12
A US 2015/0016949 A1 (ROLLS-ROYCE PLC) 15 January 2015 (15.01.2015) entire document 1-5, 8-12

D Further documents are listed in the continuation of Box C.

D See patent family annex.

* Special categories of cited documents:

“A” document defining the general state of the art which is not considered
to be of particular relevance

“E” earlier application or patent but published on or afier the international
filing date

“L” document which may throw doubts on priority claim(s) or which is
cited to establish the publication date of another citation or other
special reason (as specified)

“O” document referring to an oral disclosure, use, exhibition or other
means

“P”  document published prior to the international filing date but later than

the priority date claimed

“T”  later document published after the international filing date or priority
date and not in conflict with the application but cited to understand
the principle or theory underlying the invention

“X” document of particular relevance; the claimed invention cannot be
considered novel or cannot be considered to involve an inventive
step when the document is taken alone

“Y” document of particular relevance; the claimed invention cannot be
considered to involve an inventive step when the document is
combined with one or more other such documents, such combination
being obvious to a person skilled in the art

“&” document member of the same patent family
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Box No. 11 Observations where certain claims were found unsearchable (Continuation of item 2 of first sheet)

This international search report has not been established in respect of certain claims under Article 17(2)(a) for the following reasons:

1. D Claims Nos.:

because they relate to subject matter not required to be searched by this Authority, namely:

2. D Claims Nos.:

because they relate to parts of the international application that do not comply with the prescribed requirements to such an
extent that no meaningful international search can be carried out, specifically:

3. Claims Nos.: 6, 7, 13-15

because they are dependent claims and are not drafted in accordance with the second and third sentences of Rule 6.4(a).

Box No. IIl  Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

I. D As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. E] As all searchable claims could be searched without effort justifying additional fees, this Authority did not invite payment of
additional fees.

3. I:I As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. I:I No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest I:I The additional search fees were accompanied by the applicant’s protest and, where applicable, the
payment of a protest fee.

D The additional search fees were accompanied by the applicant’s protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

D No protest accompanied the payment of additional search fees.
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