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Abstract

This thesis provides a new and detailed examination of how the optimum propeller
synchrophase angles for minimum cabin noise and vibration vary with different flight
conditions, particularly altitude and airspeed, and how, based on these observations,
adaptive control techniques could best be employed to further improve the noise-reducing
potential of synchrophasing. This has been done through experimental investigations in
one AP-3C Orion and two C-130J-30 Super Hercules aircraft.

It is shown, using propeller signature theory, that synchrophasing has significant effects on
the average cabin floor vibration and the average cabin sound pressure levels. In the trial
aircraft, these effects range between 4dB and 12dB at the blade-pass frequency,
depending on the flight condition and the aircraft. The effects at individua sensors
locations can, however, sometimes exceed 20 dB.

It is aso shown that the effects of altitude and airspeed on the optimum synchrophase
angles are significant, and that a fixed set of synchrophase angles cannot be optimal for
more than alimited range of flight conditions. For example, over the range of altitudes and
airspeeds considered in this investigation, a fixed set of angles is shown to produce results
that can vary by more than half of the range from the lowest to the highest predicted
average sound pressure level at the blade-pass frequency.

Adaptive control of the synchrophase angles using pre-defined look-up tables or active
control algorithms are considered, and the latter recommended for their ability to
compensate for unknown and variable influencing factors.

Two ranking strategies are developed and employed to identify the number and placement
of error sensors for an active control system. Significantly, both strategies identify that the
predicted average sound pressure levels at the blade-pass frequency in the trial aircraft
could be maintained within 2 dB of the optimum across all considered flight conditions
using as few as 3 to 6 well-placed microphones.

A single-input (master propeller tachometer) multi-output (slave propeller synchrophase
angles) feed-forward active control system with multiple error sensors (microphones or
accelerometers) is developed using propeller signature theory and the Filtered-x LMS
algorithm.

Recommendations for further work are also made.



Vi



Acknowledgment

The work presented in this thesis was undertaken through the candidate’ s employment with
the Defence Science and Technology Organisation (DSTO) of the Department of Defence,
Australia. It is bound by a PhD Intellectual Property Agreement between DSTO and The
University of Adelaide dated 2™ day of September 2008.

The work could not have been completed without the support of the Department of
Defence, and the personal encouragement of Mr Brian Rebbechi and Dr David Forrester.

Thesis Declaration

This work contains no material which has been accepted for the award of any other degree
or diploma in any university or other tertiary institution to myself and, to the best of my
knowledge and belief, contains no material previously published or written by another
person, except where due reference has been made in the text.

| give consent to this copy of my thesis, when deposited in the University Library, being
made available for loan and photocopying, subject to the provisions of the Copyright Act
1968.

| also give permission for the digital version of my thesis to be made available on the web,
via the University’s digital research repository, the Library catalogue, and also through
web search engines, unless permission has been granted by the University to restrict access
for aperiod of time.

David Mark Blunt

January 2012

Vii



viii



Contents

Introduction
1.1. Cabin Noiseand Vibration in Propeller Aircraft
1.2. Propeller Synchrophasing
1.3. Aircraft with Four Propellers
1.4. Objectives
1.5. ThesisOutline

. Literature Review
2.1. Propeller Noise
2.2. Propeller Signature Theory
2.3. Analytical Models of Synchrophasing
2.4. Adaptive Control of Synchrophase Angles
24.1. Air Force Research Laboratory

2.4.2. Nationa Aeronautics and Space Administration

2.4.3. Fokker

2.4.4. General Electric

2.4.5.  United Technologies Corporation

2.4.6. Institute of Sound and Vibration Research
2.5. Research Gaps

. Theory
3.1. Shell Vibration
3.2. Enclosed Sound Fields
3.3. Active Control
3.4. Propeller Signatures
3.4.1. Propéler Signature Examples

. Synchrophasing Systems
4.1. P-3C Synchrophasing System
4.2. C-130J Synchrophasing System

. Experimental Investigations
5.1. Synchrophase Angle Selection
5.2. Sensor Location Selection
5.3. AP-3CFlight Trial
5.4. C-130J-30 Flight Trias

. Synchrophasing System Performance

6.1. Photographic Analysis of the Synchrophase Angles
6.2. AP-3C Synchrophase Angle Analysis
6.3. C-130J-30 Synchrophase Angle Analysis

. Cabin Noise and Vibration Environments
7.1. AP-3C Cabin Noise and Vibration

7.1.1. Seat Headrest Microphones
7.1.2. Overhead Grab Rail Microphones
7.1.3. Seat Rail Accelerometers

7.2. C-130J-30 Cabin Noise and Vibration
7.2.1.  Flight Deck Microphones
7.2.2.  Main Cabin Microphones

GO BN

10
12
12
13
14
15
16
16
17

18
18
22
24
26
27

30
31
32

33
33
36
36
38

46
46
47
49

51
52
52
52
52
56
56
56



7.2.3.
71.24.

Cargo Floor Accelerometers
Pallet Accelerometers

8. Measurement Variability and Repeatability
8.1. Short-Term (10 s) Spectrum Level Variability
8.2. Longer-Term (20 min) Spectrum Level Variability
8.3. Inter-Aircraft Spectrum Level Variability
8.4. Factors Affecting Measurement Repeatability

8.4.1.
8.4.2.
8.4.3.
8.4.4.
8.4.5.
8.4.6.
8.4.7.
8.4.8.
8.4.9.
8.4.10.

Atmospheric Turbulence

Signal-to-Noise Ratio

Propeller Speed Perturbations and Synchrophase Angle Deviations
Flight Condition Perturbations/Differences

Vibro-Acoustic Differences

Synchrophase Angles

Synchronising on Different Propeller Blades

Microphone Movement and Vibration

Cabin Pressure & Temperature

Movement of Personnel

9.  Propeller Signature Calculation and Analysis
9.1. Cdculation
9.2. Analysis

9.2.1
9.2.2.

AP-3C Propeller Signatures
C-130J Propeller Signature Analysis

10. Synchrophase Angle Optimisation
10.1. Optimisation Process
10.2. AP-3C Synchrophase Angle Optimisation

10.2.1.
10.2.2.
10.2.3.

Effects of Different Optimisation Criteria
Effects of Altitude and Airspeed
Candidate Synchrophase Angle Sets

10.3. C-130J-30 Synchrophase Angle Optimisation

10.3.1.
10.3.2.
10.3.3.
10.3.4.
10.35.
10.3.6.

Effects of Different Optimisation Criteria (Trial 1)

Effects of Altitude and Airspeed (Trial 1)

Candidate Synchrophase Angle Sets (Trial 1)

Performance of Candidate Synchrophase Angle Sets (Trial 2)
Comparison of Measured and Predicted Levels (Trids1 & 2)
Effect of Aircraft-to-Aircraft Signature Differences

11. Adaptive Control of Synchrophase Angles
11.1. Control using a Look-up Table

11.1.1.
11.1.2.

AP-3C Control using a Look-up Table
C-130J-30 Control using a Look-up Table

11.2. Active Control using Error Sensors

11.2.1.
11.2.2.
11.2.3.

Sensor Position Ranking Strategies
Effect of Removing Sensors
Active Control Algorithms

12. Conclusions
12.1. Recommendations for Further Work

References

57
57

70
71
77
82
82
82
82

90
90
90
94
94
94
94

95
95
96
97
100

110
110
110
111
124
129
134
134
143
149
149
153
153

161
161
162
165
168
168
168
185

193
197

199



Appendix A.
Appendix B.
Appendix C.
Appendix D.
Appendix E.
Appendix F.
Appendix G.

Appendix H.

Appendix |.

Appendix J.

L east-Squares Solutions

AP-3C Flight Trial

C-1303-30 Flight Trias

C-130J-30 Laser Tachometer Signal

C-130J-30 Ground Run Photographs

L oudness and Acoustic Weighting

Vector Diagrams for C-130J-30 Tria 1 Serial 10

AP-3C Predicted Sound and Vibration Levels

C-130J-30 Predicted Sound and Vibration Levels for Trial 1

Other Publications

205
207
212
226
227
234
236
258
263

270

Xi



	TITLE: Optimisation and Adaptive Control of Aircraft Propeller Synchrophase Angles
	Abstract
	Acknowledgment
	Thesis Declaration
	Contents



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


